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Microfluidic systems, with their feature size similar to that of biological cells, have 
great potential for cell manipulation and interrogation. On the other hand, the process 
of drug discovery involves vast amount of tests of candidate drug molecules with cells, 
and hence requires intensive manipulation and interrogation of cells. Therefore, it is 
conceivable that microfluidics can be and should be sufficiently exploited to facilitate 
drug discovery process. This dissertation investigates two of the most frequently 
performed cell operations in drug discovery, which are often performed in series, i.e., 
chemical stimulation of cells (cell treatment and chemotaxis) and cell sorting. For 
chemical stimulation of cells, rapid and novel designs of concentration gradient 
generation (CGG) devices are presented; for cell sorting, a magnetically controlled cell 
capture and isolation device is created. 
The most prevalent type of CGG devices, i.e., complete mixing-based laminar-flow 
CGG devices, involves massive channel networks. The design of alternative laminar-
flow CGG devices suffers lack of efficient and systematic design framework, and is 
 
currently implemented through time-consuming numerical simulations. Therefore, we 
first propose passive mixing-based laminar-flow CGG devices, for which an analytical 
diffusion-convection model is developed and incorporated into an iterative design 
framework to achieve modular design. Secondly, to eliminate the undesirable 
stimulation of fluid flow on cells as existing in both complete and partial mixing-based 
laminar-flow CGG devices, a novel class of CGG devices featuring two-layer design 
sandwiching a semipermeable membrane is presented. The devices effectively 
eliminate fluid flow while maintain a stable concentration gradient in the gradient 
generation region. Thirdly, the flow-free CGG devices are extended to realize arbitrary 
concentration gradients, which significantly enhance the CGG capability of the devices. 
The designs of all CGG devices are realized through microfabrication and tested 
against complex concentration gradients. The generated gradients generally agree with 
the specified gradients in less than 10%. 
Magnetic-activated cell sorting (MACS) is a high-throughput cell sorting scheme 
that recognizes cells specifically by their membrane proteins. The quality of magnetic 
incubation largely determines the final separation efficiency. To enhance magnetic 
incubation prior to separation, a magnetic incubator is designed utilizing a target 
acquisition by repetitive traversal (TART) mechanism, which significantly improves 
target capture efficiency and reduces incubation time. The magnetic incubator module 
is then integrated to the separator module, with both modules using the same magnetic 
setup, which facilitates the entire MACS process and promotes the target separation 
efficiency to over 90%. The microfluidic methods and tools developed in this work are 
 
 potentially used for cell manipulation and interrogation and thus can be expected to 
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Chapter 1. Introduction 
 
1.1 Microfluidics and Its Biomedical Applications 
Microfluidics is the science and technology of systems that process or manipulate 
small (10-9 to 10-18 liters) amounts of fluids, using channels with dimensions of tens to 
hundreds of micrometers [1]. Empowered by the versatile microfabrication 
technologies that have stemmed from the technologies used for microelectronics and 
microelectromechanical systems (MEMS) [2], microfluidics offers salient advantages 
over conventional platforms, such as high resolution and sensitivity in separation and 
detection, low cost for device fabrication, low sample consumption and low waste, 
short time for analysis, and small device footprint [3]. As fluids moving in micrometer-
scale channels demonstrate very different physical properties compared with flow in 
large channels [4], these micro-scale characteristics of fluids are exploited by 
microfluidic devices to achieve functionalities that are either difficult or impossible in 
the macro world. One of the greatest initial impetuses for the development of 
microfluidic technology has been the demand for new tools in chemical analysis [5]. 
There has been intensive effort in developing centimeter-sized microfluidic systems to 
realize various chemical and biochemical analyses, which currently require tedious and 
time-consuming procedures on laboratory bench-tops [6]. Such systems have found 
numerous applications such as analytical chemistry [7], biochemistry [8], molecular 





1.1.1 Microfluidics in Cell Biology 
Although the first applications of microfluidic technologies have primarily been in 
the analysis of chemical molecules, microfluidics has rapidly expanded its applications 
beyond the molecular level. The size of microfluidic features generally falls within 
micrometer to sub-millimeter ranges, which are commensurate with the size of most 
biological cells. Therefore, microfluidic devices have naturally become an ideal 
platform for cell manupulation and analysis [13]. Microfluidic devices have been 
developed for various aspects of cell biology experimentation. In cell sorting devices, 
for example, different cells can be sorted based on their physical and chemical 
properties, such as size, electrical behavior, and chemical affinity [14-29]. Cell 
manipulation devices are developed to dexterously manipulate single cells and 
accurately position cells in desired patterns [30-37]. Microfluidic platforms have also 
been created to provide closely controlled chemical environment for cell culture [38-
40]. Additionally, external stimuli, such as those that are mechanical, electrical, optical 
or chemical in nature, are applied within microfluidic systems to probe the behavior of 
various types of cells as well as monitor and analyze the cellular responses [41-47]. 
These capabilities of microfluidics have greatly facilitated cell biological science and 
technology. 
 
1.1.2 Microfluidics in Drug Discovery 
While microfluidics greatly impacts the way cell biology research is performed in 
academia, this powerful technology is also finding its way in the industrial world. 





where drug discovery is the first and very major step in the painstakingly long process 
of new drug invention. Interestingly, many tasks performed in drug discovery suggest 
the need for similar technologies that facilitate cell biology research in academia 
laboratories. Therefore, drug discovery can be regarded as an exemplar application that 
reflects specific roles microfluidics can play in cell biology research in general. 
A drug discovery process generally occurs in several phases, including target 
identification, hit generation, lead identification, and lead optimization [48-50]. First, 
during target identification, an appropriate target molecule or cellular structure (such as 
a protein, a gene or an ion channel) involved in the mechanism of a disease or medical 
condition are identified for the drug sought. Then, a library of molecular compounds 
are synthesized and screened against the target, from which a collection of primary 
compounds, or “hits”, are selected that can interact with the target. Next, the hits are 
transformed into “leads”, i.e., compounds with prototypical chemical structures 
demonstrating promising pharmacological activity and selectivity. Lead compounds 
are subsequently optimized for improved drug potency and selectivity, reduced toxicity, 
more desirable metabolic properties. 
The bottleneck for drug discovery process is lead identification and optimization, 
which more critically determine the overall characteristics of a compound class to be 
an attractive starting point for later chemical modifications [50]. Often times, a hit 
compound, despite showing interaction with the target molecule, may still fail to 
become a proper drug candidate due to a variety of issues, such as its solubility, 
lipophilicity, diffusivity, stability, cytotoxicity, target specificity, and tractability for 





pharmacological significance so as to reduce the attrition of drug candidates in the 
subsequent preclinical development phase, which is notoriously costly.  
A major task in lead identification and optimization is to subject cells to a variety 
of in vitro tests with candidate lead compounds. Chemotaxis test is among the most 
important tests, in which cells are examined against certain lead candidates to 
determine whether and/or to what degree the cells tend to move toward or away from 
the lead compounds under test. In doing so, the actual cellular response to a lead 
candidate can be observed, which reliably reflects many drug-related properties of the 
lead candidate such as cytotoxicity and level of activation/inhibition of a cell pathway. 
During chemotaxis, cells are exposed to a spatially varying concentration of lead 
candidates, and the movement of the cells is characterized in relation to the 
concentration gradient profile (Figure 1.1). The accuracy and reliability of a 
chemotaxis test relies heavily on the ability to establish and maintain a controlled and 
stable concentration gradient of the lead compound. Due to its low sample 
consumption and accurate control of miniaturized systems, microfluidic devices have 
been widely exploited for concentration gradient generation (CGG). For example, a 
device was created to generate gradients of Ba2+ and γ–amino-n-butyric acid (GABA) 
for the pharmacological screening of voltage-gated K+ channels and ligand-gated 
GABA receptors [51]. The functionality of the device demonstrated the feasibility and 
capability of microfluidic devices in facilitating rapid pharmacological profiling. In 
addition to chemotaxis studies, microfluidic CGG devices are also very useful in cell 
treatment, which is also an indispensible and frequent operation in lead identification 





of a gradient generator enabled different cell lines to be cultured and treated with a 
variety of chemical concentrations in a single setup [52], substantiating the role of 








Figure 1.1. Cell chemotaxis. 
 
In response to such chemical stimulation imparted as in chemotaxis, a percentage 
of the cells may display different biological properties and need to be identified and 
isolated for further study. For example, the lead compound molecules may bind to 
target receptors on a number of cells and cause different levels of activation or 
inhibition depending on the local concentration of the molecules. In order to identify 
and harvest these transformed cells from the entire pool, cell sorting technique is used, 
which involves separation of cells based on their physical or biochemical differences, 
such as size, electrical property, or as more frequently exploited, specific marker 
protein of a certain cell type. Microfluidic technology offers a valuable tool to enable 
innovative cell sorting thanks to its high throughput and ease of automation. For 
example, continuous microfluidic separation of bacteria cells was performed using the 





using microfluidic cell sorting systems allows the selection of target-binding molecules 
from libraries [54], and also facilitates the analysis of interactions among molecules 
that have already been identified as diagnostic or therapeutic target [48]. 
 
1.2 Concentration Gradient Generation (CGG) 
1.2.1 Conventional CGG Methods   
Conventionally, concentration gradients of cell stimulants are most often generated 
by one of the three types of methods: pipette injection into fluid channels, diffusion 
through hydrogel, or diffusion between chambers. These are the CGG methods 
generally used before the advent of microfluidic technology. 
Pipette Injection. In the pipette injection method, a micropipette filled with a cell 
stimulant solution is grasped by a mechanical manipulator and its tip is positioned at a 
certain distance from the cells. The molecules of the cell stimulant diffuse from the 
micropipette tip into the extracellular environment to generate a radial concentration 
gradient centered around the tip [55-58]. Although the ability to control the orientation 
and distance of the concentration gradient relative to the cells allows relatively 
quantitative cell characterization, the pipette injection method is operated in an open 
fluid, which implicates possible fluid perturbation and hence gradient distortion. Also, 
complicated experimental setup is required for pipette manipulation.  
Hydrogels. The hydrogel method involves the use of biological hydrogels made 
from collagen, fibrin or agarose [59-62]. Cells under investigation are either seeded on 





cell stimulant molecules are produced through co-culturing with another cellular 
source that releases the desired molecule [60], filling molecule solution into the pre-
formed voids inside the gel [61], or directly depositing molecules on the gel surface 
[63]. In all cases, the cell stimulant molecule will diffuse into the gel and form a 
molecular concentration gradient. The hydrogel method creates an environment similar 
to the in vivo situation for the cells. However, concentration gradients created within 
hydrogel suffer poor accuracy and reproducibility due to lack of control over the 
biomolecule source and variation in the hydrogel polymerization process and gel 
porosity. Hydrogel also undermines the visibility of cells under microscope. 
Diffusion Chambers. Diffusion chambers provide a more protective environment 
for the cells as well as for the generation of concentration gradient. Boyden Chamber 
creates a concentration gradient by diffusion across a semipermeable membrane which 
vertically segments the chamber into two compartments, the upper compartment 
containing cells placed in culture media solution and the lower compartment 
containing chemoattractant solution [64]. Zigmond Chamber contains two parallel 
channels filled with cell stimulant solution and culture media, respectively. The two 
channels are connected by a gap through which molecules diffuse across and a 
concentration gradient is formed for cell growth, differentiation and migration [65]. 
Dunn Chamber is a variant of Zigmond Chamber with axisymmetric channel setup and 
less susceptibility to evaporation [66]. All the diffusion chambers described above 
generate concentration gradients relying solely on the physics of molecular diffusion, 
producing a single gradient profile which does not necessarily elicit the most efficient 





long time and will eventually diminish in 1-2 hours [65, 66]. In summary, the 
controllability over the generated concentration gradients is very limited. 
 
1.2.2 Microfluidic CGG Methods  
Microfluidic technology offers a way to generate predictable, reproducible, and 
easily-quantified concentration gradients of biomlecules with substantially increased 
spatial and temporal control. These microfluidic CGG devices are based on different 
mechanisms and take various forms. On a very general level, most existing 
microfluidic CGG devices that generate in-solution concentration gradients (as 
opposed to surface concentration gradients) can be classified into two major categories, 
i.e. laminar-flow-based and diffusion-based devices.  
 
1.2.2.1 Laminar-Flow-Based CGG Devices  
Laminar-flow-based CGG devices exploit incomplete molecular diffusion in the 
presence of laminar flow. In laminar flow, biomolecules are transported by the synergy 
of two mechanisms: molecular diffusion and convection of the carrier fluid. Molecular 
diffusion governs that the molecules move irreversibly from higher concentration 
region to lower concentration region in a statistical sense, and that a uniform 
concentration of the molecules will eventually occur within a still solution when 
diffusion has developed completely. Convection, on the other hand, alters the 
distribution of the molecules by carrying the molecules around with fluid flow. If the 
fluid is flowing in a proper pattern (i.e. direction and rate) such that the net amount of 





volume by convection, a dynamic equilibrium of molecular distribution will be reached. 
As such, molecular diffusion is essentially kept at a certain level of incompleteness, 
and thus a spatially and temporally stable concentration gradient can be established and 
maintained in solution.  
There are two possible directions in which to drive fluid relative to diffusion so as 
to achieve the dynamic equilibrium between molecular diffusion and fluid convection. 
Fluid can flow either opposing or perpendicular to the direction of molecular diffusion. 
In either case, the direction of the formed concentration gradients is determined by the 
direction of molecular diffusion rather than that of fluid convection. 
In the first type of CGG devices, fluid is driven in the reverse direction in which 
molecules diffuse. For example, in a microfluidic CGG device, a stream of 
biomolecule solution and a stream of buffer flow against each other, forming a 
counter-flow configuration, as molecules diffuse across the interface of the two 
streams where a convective-diffusive balance is established [70]. In another CGG 
device, concentration gradients were created along the microchannel by using 
controlled injection of liquid pulse and transient dispersion along the flow [71]. 
Recently, a CGG device based on evaporation-driven flow was developed to create 
gradients along the channel [72, 73]. In this device, biomolecule solution is injected 
from the inlet of a straight microfluidic channel prefilled with buffer solution. While 
biomolecules diffuse forward to the outlet, the inlet is left open allowing evaporation to 






Alternatively, in other laminar-flow-based CGG devices, laminar streams of 
biomolecule solution and buffer flow side by side, and molecular diffusion occurs at 
the interfaces of different laminar streams, the direction of diffusion being 
perpendicular to the flow direction. This type of CGG devices can be further divided 
into complete-mixing- and partial-mixing-based devices. A representative and also one 
of the most commonly used complete-mixing-based CGG devices is presented in [45, 
74-76]. The device consists of a network of microfluidic channels configured into 
hierarchical stages. In each stage of the microchannels, biomolecule solution or buffer 
streams from the preceding stage are split and recombined for complete inter-stream 
mixing via molecular diffusion to produce a stream with a new biomolecule 
concentration. After repeating this process through all channel stages, flow streams 
from the last stage are combined into a single stream in the output channel to form 
desired concentration gradients. As for partial-mixing-based CGG devices [77-80], 
streams of buffer and biomolecule solution with different concentrations are introduced 
into a network of channels at carefully determined flow rates. The streams are joined at 
appropriately selected positions such that after the junctions, chemical molecules will 
have the exact time to diffuse between the streams as determined by the flow rates. As 
a result, certain concentration gradient profiles will form across the channel width at 
the observation spot. The shape of the gradient profile is synergistically determined by 
the configuration of the channel network, and the biomolecule concentration and flow 
rate of each stream.  
Laminar-flow-based CGG devices are capable of producing concentration 





when efficient design tools are available—can be manipulated by changing the 
geometry of constituent flow channels and adjusting flow rates of the fluid streams. 
However, current CGG design methods rely largely on time-consuming numerical 
simulation. On the other hand, there is a salient drawback associated with laminar-
flow-based CGG devices, i.e. the introduction of undesired shear force to cells due to 
the presence of fluid flow. Also, cell-secreted factors for intercellular signaling will be 
carried away in flowing fluid. Additionally, continuous fluid flow can flush away cells 
that do not attach to surfaces, e.g. blood cells.  
 
1.2.2.2 Diffusion-Based CGG Devices  
Unlike laminar-flow-based CGG devices, diffusion-based CGG devices rely solely 
on diffusion of biomolecules in static media. Therefore, the concentration gradients 
created in such type of devices is determined only by the physics of diffusion and the 
geometric constriction of the device. One class of diffusion-based CGG devices are 
essentially miniaturized versions of the previously discussed conventional CGG 
platforms, i.e. multi-injector/microjet (resembling pipette injection), hydrogel-based 
devices (resembling conventional hydrogel), and reservoir-based devices (resembling 
diffusion chambers). Other diffusion-based CGG devices, however, extend beyond 
miniaturization of conventional CGG schemes, including valve-based devices, and 
cross-channel devices. 
Multi-Injectors. The microfluidic multi-injector (MMI) [81] and its variant, 
microjet [82], are essentially the microfluidic realization of the conventional pipette 





conventional pipette injection method, MMI and microjet achieve better 
reproducibility and quantitation due to the precise dimensions of the device. However, 
the shape of the concentration gradients generated by MMI and microjet are still very 
limited, which will also diminish over time. 
Hydrogels. Hydrogels have also been transplanted onto microfluidic devices. In ref 
[83], biomolecule, cell culture and buffer channels were created in parallel in that order 
and separated by hydrogel. As biomolecule solution and buffer are circulated in their 
respective channels where constant concentrations are maintained, biomolecules 
diffuse through hydrogel, passing cell culture channel and eventually into buffer 
channel. Due to large flow resistance of the hydrogel, concentration gradients 
formation in the cell culture channel is purely diffusive. Through different channel 
design, complex concentration gradients can also be realized in hydrogel [84]. 
However, due to extremely slow molecular diffusion in hydrogel, this approach suffers 
prolonged setup time for the concentration gradients [84]. 
Reservoirs. Analogous to the various conventional diffusion chambers, large 
reservoirs have been used in microfluidic devices to store and supply biomolecule 
source and buffer. Semipermeable membranes were incorporated in the device to 
segregate fluid disturbance in the reservoirs from the gradient forming channel, while 
allowing molecular diffusion between the sample and buffer reservoirs and the 
gradient forming channel [85, 86]. By connecting multiple reservoirs to a central 
reservoir with radially arranged straight channels, concentration gradients of multiple 
biomolecules can be generated simultaneously [87]. Though the reservoir-based 





the gradient will diminish over an extended period of time, and the gradient shape is 
still limited to certain simple shapes, such as linear or exponential profiles.   
Valve-Controlled Devices. Thanks to versatile microfabrication technologies, 
more sophisticated CGG schemes can be realized with microfluidic devices, which far 
exceed the limit of the conventional CGG schemes. The incorporation of valves in 
microfluidic devices, for example, greatly adds to the controllability of the devices. An 
elastomeric valve was utilized to provide temporal control over the initiation of a 
biomolecule gradient [88]. The level of sophistication of valve control was 
substantiated in another application to study cell apoptosis, where stepwise drug 
concentration gradients were created by using a set of valves operated in a proper 
sequence to mix drug stock solution with culture medium at different ratios [89]. 
Despite the increased controllability introduced by these microfluidic valves, 
complicated fabrication symbiotic with the valves reduces the reliability of these 
devices.  
Cross-Channels. Comparing to the valve approach, the cross-channel approach 
capitalizes on large difference in the flow resistance of different channels, which 
involves much less complication in fabrication. Different cross-channel CGG devices 
were designed by connecting the biomolecule solution channel and buffer channel with 
cross-channels in which certain monotonic gradient profiles were formed [90-92]. 
These channel configurations largely reduced fluid flow in the cross-channel when 
identical flow rates were prescribed in biomolecule and buffer channels. However, due 





secondary flow disturbance may still arise in the cross-channel and hence distort the 
gradient profile.  
Diffusion-based CGG devices largely reduce undesired fluid flow as present in the 
laminar-flow-based CGG devices. However, since diffusion is the only mechanism 
governing the formation of the concentration gradients in diffusion-based CGG devices, 
the shapes of the generated concentration gradients are usually not so easily 
manipulated as in laminar-flow-based CGG devices. Other limitations associated with 
individual types of diffusion-based approach include: diminishing concentration 
gradient as with the multi-injector/microjet and reservoir-based approach, long 
gradient establishment time as with the hydrogel approach, complicated fabrication as 
with the valve-based approach, and secondary flow disturbance as with the cross-
channel approach. Thus, there is a strong need to develop a new type of CGG devices 
that combines the advantages of each type of CGG devices.  
 
1.3 Cell Sorting 
1.3.1 Conventional Cell Sorting Schemes 
The numerous existing cell sorting systems have exploited very different schemes 
based on different physical or biochemical principles. From a perspective relevant to 
the work in this dissertation, the various cell sorting schemes are classified into non-
magnetic schemes and magnetic scheme. The most commonly used non-magnetic 
schemes include size-based sorting, acoustic sorting, dielectrophoresis, and 





cell density and compressibility, cell dielectrical property, and cell marker proteins 
with fluorescent labels, respectively. As for magnetic cell sorting scheme, magnetic-
activated cell sorting (MACS) is used, where magnetically labeled ligands selectively 
bind to those cells with certain marker protein, which are subsequently separated by 
the application of magnetic field. Both non-magnetic and magnetic cell sorting 
schemes have been miniaturized, whose details are reviewed in the sections that 
immediately follow. 
 
1.3.2 Non-Magnetic Microfluidic Sorting Schemes 
Size-Based Sorting. Size-based sorting as the name suggests, simply exploits the 
difference in the size of the cells being sorted. Microsieves are a typical size-based cell 
sorting tool. A straight-channel microsieve device was designed to sort myocyte from 
non-myocyte in neonatal rat cardiac cells [14]. Small non-myocyte cells carried by 
fluid flow enter the side channels from the main channel through the microsieves, 
whereas large cells cannot pass the microsieves and thus remain in the main channel. 
Hydrodynamic chromatography is another size-based sorting scheme. In ref [16], when 
following the Poiseuille flow in a channel, large particles cannot sample the low 
velocity near the channel wall and thus will travel faster than the small particles. After 
a certain length of travel in the channel, large particles can be separated from the small 
ones in the channel length direction. A third size-based sorting method fully exploits 
the laminar flow nature in microchannels. Pinched flow fractionation [17], 
hydrodynamic filtration [18], and lateral displacement in a shifted micropost array [19] 





Cells of certain sizes are manipulated such that the cells of each size will stay in their 
respective streamlines in the flow. The different streamlines are then separated and the 
cells of certain sizes carried by these streamlines will also be separated. A fourth size-
based sorting scheme discussed here utilizes shear-induced migration of deformable 
particles. Under shear stress, soft particles are deformed, and they tend to move toward 
low shear regions to recover their shapes. During this migration, large particles move 
faster than the small ones. By properly designing the channel length and the flow 
velocity, cells can be separated in the process of this shear-induced migration [20]. 
Size-based sorting scheme does not require the use of chemical agents or external field 
of any type, and thus imparts minimal stimuli on the cells. However, this method is 
limited to the applications where there is a distinct difference between the cells being 
sorted. 
Acoustic Sorting. Acoustic waves are also used in cell sorting [21]. In the 
presence of an acoustic standing wave, the particles will be pushed to either the 
pressure node (zero) or anti-node (peak) of the wave. Whether they prefer pressure 
node or anti-node depends on the density and compressibility of the particle relative to 
the medium [22]. If a channel is designed so that it happens to contain exactly one 
wavelength in its width direction, and that the pressure node is right at the center of the 
channel width and two pressure anti-nodes coincide with the channel walls, the cells 
with distinct acoustic properties will be focused on the centerline and at the channel 
walls, respectively. When they are focused in such a way in a flowing fluid, one can 





Dielectrophoresis. Next, dielectrophoresis is discussed. Dielectric materials are 
polarized when place in an electric field, although they are overall electrically neutral. 
A dielectric particle will experience attraction on one pole and repulsion on the other. 
If the external electric field is non-uniform, the attracted pole will experience a larger 
force than the repulsed pole, and thus the particle will be pulled toward the direction of 
attraction and move up the electric intensity gradient. Based on this principle, the 
device is designed for cell sorting by different dielectric properties [23]. Among the 
mixture of cells, target cells are tagged with certain antibody and bound to polystyrene 
beads, while non-target cells are not bound. In an electric field gradient, the target-cell-
bound polystyrene beads move up the gradient whereas bare non-target cells are not 
affected by the electric field. In a channel flow, target-bound-cells move along the 
electrode and eventually are directed to the collecting channel under the combinative 
effect of hydrodynamic force and dielectric force, while non-target cells will simply be 
carried to the waste channels by the flow. 
Fluorescent-Activated Cell Sorting. The last non-magnetic cell sorting scheme 
reviewed is fluorescent-activated cell sorting, or FACS. Different cells may express 
different proteins on their membrane. When tagged by fluorescent labels, these cells 
can be distinguished by different colors of fluorescence. Before sorting, cells are 
usually focused and aligned in a channel so that the cells pass through the detection 
point one by one. At the detection region, the cells are optically examined, and then 
they are driven to different outlets based on which type of cells they are. There are a 
number of ways to selectively drive cells into different channels. For example, this can 





mechanical means, valves are positioned above each channel to control and direct the 
cells to flow into respective channels. As for optical means, optical tweezers are often 
incorporated at the separation point. At the waist of a focused laser beam, large electric 
intensity gradient is present. Cells that are close to a focused laser beam waist will be 
attracted towards the centerline of the beam. Thus, by slowly moving the beam, cells 
can be directed to move toward different channels. 
 
1.3.3 Magnetic-Activated Cell Sorting  
Magnetic-Activated Cell Sorting (MACS) is a widely researched cell sorting 
scheme. Unlike size-based sorting, acoustic sorting, or dielectrophoresis, which 
requires inherent difference in the size, acoustic property, or dielectric property of the 
cells being sorted, MACS achieves the sorting of cells independent of the cells’ 
geometric or physical properties. Rather, it exploits the specific binding between a 
target molecular group (or a “receptor”) on cell membrane and the functional group (or 
the “ligand” on the surface of magnetic beads. This is of particular interest in 
biological research, since it is usually the receptor-ligand activities rather than 
geometric or physical properties of the cells that bear biological significance. 
Additionally, in the aspect of throughput, MACS is also advantageous. Compared with 
FACS, which is a serial cell sorting scheme, MACS is a parallel cell sorting scheme, 
which leads to a much higher throughput than FACS (109 cells/hr for MACS and 106 
cells/hr for FACS).  
Most MACS operations share similar procedures (Figure 1.2). First, the initial pool 





incubation, specific binding has been achieved. Target cells bind specifically to 
surface-coated magnetic beads through, for example, immunological binding, and non-
target cells do not bind to the magnetic beads. Then, an external magnetic field is 
applied to pull the magnetic bead-target cell complex toward the channel floor and 
hold them still on the floor surface, whereas non target cells remain in suspension. 
Next, fresh buffer is injected to wash away the non target cells. After washing, the 















Figure 1.2. MACS operation procedures. (a) A pool of target and non-target cells. (b) Target cells 
specifically bind to functionalized magnetic beads while non-target cells remain in solution. (c) Apply 
magnetic field to hold target cell-bound magnetic beads against container wall. (d) Maintain magnetic 







A batch MACS device was developed in [24]. It incorporates a rotary peristaltic 
pump, control valves and magnetic field generating microcoils all on a chip. It 
implements cell incubation and sorting by batches, emulating the same processes in the 
operations using conventional devices. Ref [29] introduced a continuous MACS cell 
sorter in which cells are attracted to the magnetic field generating metal strips and 
move in fluid flow, assuming a similar travel path as in ref [23]. Continuous-flow 
MACS can also be achieved using off-chip magnet which creates a field gradient 
perpendicular to the flow direction [25]. This method has the potential of expending 
magnetic sorting beyond binary sorting by exploiting the overall size and susceptibility 
of the cell-bead complex. Nano-sized magnetic wires are also explored to enhance the 
binding efficiency of the target cells [26]. 
However, the efficiency of cell sorting does not rely solely on the actual cell 
separation step. Instead, the quality of the incubation step, i.e. whether cells bind 
specifically and firmly to magnetic beads after incubation, significantly dictates the 
result of the subsequent separation step. Unfortunately, not much attention has been 
paid to the design of an effective incubation step. In addition, the incubation step for 
most of the currently developed MACS devices remain off-chip, which causes further 
complication in sample transfer onto chip and leads to extra chance for sample waste 
and contamination. 
 
1.4 Objectives and Significance of This Thesis 
The prevalence of concentration gradient generation (for chemical stimulation on 





to a chemical stimulation) in drug discovery, especially in lead identification and 
optimization as discussed in Section Error! Reference source not found., has 
motivated this two-pronged research in both CGG devices and cell sorting devices, 
specifically MACS devices. Based on the limitations in current CGG devices and the 
design methodology thereof as well as that in current MACS devices as discussed in 
the previous sections, the effort of this dissertation is to address the following issues. 
 Concentration Gradient Generation 
o Compared with complete-mixing-based CGG devices that have bulky 
channel networks, partial-mixing-based CGG devices have more 
compact channel configuration. However, the lack of analytical model 
is the major bottleneck for the design of partial-mixing-based CGG 
devices. This work proposes an design framework based on an 
analytical convection-diffusion model that enables modular, systematic 
and efficient design of partial mixing-based CGG devices, which are 
otherwise only achievable by time-consuming iterations of numerical 
simulation. 
o Fluid flow and its induced shear force on cells have been a major 
drawback of the laminar flow-based CGG devices. Current diffusion-
based CGG devices avoid fluid flow, but suffer one or more of the 
following limitations: diminishing concentration gradient, simple 
gradient profile shape, long gradient establishment time. This work 
designs a novel class of CGG devices that eliminate fluid flow and 





 Magnetic-Activated Cell Sorting 
o Sufficient cell incubation with functionalized magnetic beads is crucial 
to ensure specific and firm binding between target cells and magnetic 
beads and successful cell sorting in the subsequent magnetic separation 
step. This work designs an active incubation mechanism by the synergy 
between magnetic field and channel geometry design, which promotes 
target cell capture by magnetic beads prior to separation.   
o For most of the current MACS operations, the incubation step has been 
implemented off-chip. The design in this work integrates cell incubation 
function on-chip immediately before separation, leading to easy 
operation and less sample waste and contamination.  
 
1.5 Thesis Organization 
To address the issues outlined in Section 1.4, the subsequent chapters are organized 
as the following. Chapter 2 presents the construction of partial-mixing-based CGG 
devices and the underlying analytical model and systematic design methodology that 
supports efficient multi-stream laminar-flow-based CGG device design. Chapter 3 
reports a class of novel CGG devices that eliminate fluid flow and create temporally 
stable chemical concentration gradients with complex shapes in an efficient manner. In 
Chapter 4, the flow-free CGG devices proposed in Chapter 3 have been extended to 
include a gradient forming channel network to realize concentration gradients with 
virtually arbitrary shapes. Chapter 5 demonstrates an integrated microfluidic device 





novel mechanism for enhanced magnetic incubation of cells. With successful design 
fabrication and testing of each presented microfluidic systems, concluding remarks and 





Chapter 2. Generation of Complex Concentration 




In this chapter, novel microfluidic concentration gradient generator (CGG) devices 
are designed that are capable of constructing complex profiles of chemical 
concentrations by laterally combining the constituent profiles (e.g., linear and bell-
shaped) generated in simple Y- or -shaped mixers. While the majority of currently 
existing CGG devices are based on complete mixing of chemical species, our design 
harnesses partial diffusive mixing in multi-stream laminar flow, and hence, features 
simple network structures and enhanced device reliability. An iterative simulation 
approach that incorporates our previous system-level models of CGG networks is 
developed to locate best-matched combinations of geometrical and operating 
parameters (e.g., inlet flow rates and inlet sample concentrations) for the device design. 
Microfluidic CGG chips are fabricated and experimentally characterized using optimal 
layout and operating conditions selected by the design process. The experimental 
results not only serve as a benchmark for model verification but also establish the 
feasibility of concentration gradient generation based on partial mixing for a variety of 







Concentration gradients (or concentration arrays) of diffusible chemicals or 
stimulating samples are widely used in lab-on-a-chip applications involving cell 
biology (e.g., chemotaxis [45, 93]), biochemistry [94], surface patterning and 
microfabrication [95, 96]. Conventionally, pipette injection into fluidic channel [97], 
sample diffusion through gel [98], the Boyden chamber [64] or their variants [65, 66] 
are used to release the sample and to investigate cell behavior subject to certain 
concentration gradients of the sample. However, these techniques are inefficient in 
providing spatially stable gradients of complex shapes due to the unbalanced chemical 
flux into and from the region of interest [74]. On the other hand, a technique to 
generate and maintain predictable complex concentration gradients over an extended 
period of time is strongly desired in practice, for example, to examine the correlation 
between the gradient and cell behavior, and quantitatively compare the significance of 
competing gradients of different samples [74, 99].  
Desired concentration gradients can be effectively produced in microfluidic 
networks, where molecules diffuse between multiple streams of laminar flow [74]. 
Most commonly, the networks consist of several hierarchical stages of microchannels 
followed by a single output microchannel [74, 100, 101]. In each stage of the 
microchannels, sample or buffer streams from the preceding stage are split into a larger 
number of streams, which are then recombined for complete inter-stream mixing via 
sample diffusion (i.e., uniform sample concentration across the entire stream [79, 102]). 
This process is repeated through all microchannel stages; and flow streams from the 





sample concentration gradients. To enable efficient design of such complete-mixing 
based microfluidic concentration gradient generator (CGG) devices, simple algebraic 
models derived from the flow-electrical analogy have been proposed to capture the 
variations of sample concentrations within the network (except for the output 
microchannels) [74]. This approach has been applied to design diverse concentration 
profiles, such as linear, parabolic, sawtooth, and hybrid profiles [45, 74, 100]. Recently, 
Campbell and Groisman [103] further improved the approach by generating a 
monotonic concentration profile of any given shape and reducing the number of 
splitting-recombining-mixing stages logarithmically.   
While widely used, concentration gradient generation by complete-mixing often 
requires overly long microchannels linked in complex topology, which consume large 
chip area and are prone to leakage and clogging. In addition, this approach produces 
discontinuous (step-like), non-smooth [101] concentration profiles in the output 
channel that may be undesirable for some applications. These limitations can be 
effectively addressed by a gradient generation approach that exploits partial mixing 
and multi-stream laminar flow configuration in the microfluidic network, leading to 
simplified network topologies. Along these lines, Holden et al. [77] reported a Y-shape 
laminar microfluidic diffusion diluter (mDD) that utilized side-by-side partial-mixing 
of samples to generate transverse concentration gradients. Walker et al. [78] employed 
a cross-mixing microfluidic device to produce a bell-shaped concentration profile of a 
virus, which was used to study cell infections in microscale environments. These 
devices, however, are limited to the generation of simple concentration profiles. Indeed, 





profiles are scarce. The primary reason might be that the multiphysics (in particular, 
sample transport after stream combination) involved in partial mixing is much more 
complicated than in the complete mixing case [79, 102]. Therefore, efficient transport 
models and robust design algorithms that are experimentally validated are strongly 
desired to guide the design of partial mixing-based CGGs.  
To address these critical needs, our novel microfluidic CGG devices are designed 
that construct complex-shaped sample/chemical concentration profiles by juxtaposing 
constituent profiles (e.g., linear and bell-shaped) resulting from the partial mixing of 
samples in simple Y- or -shaped mixers. To enable efficient design of the CGGs, an 
iterative simulation-based method is proposed, in which the system-level model 
representation of each candidate design (as we recently reported [79]) is successively 
evaluated to locate the optimal combination of the governing parameters. The optimal 
CGG layout obtained from the iterative process is then translated into a fabricated 
microchip, which is thoroughly characterized by experiments. Generation of complex 
concentration gradients (such as sawtooth-shaped and double bell-shaped profiles) that 
previously has been allowed only by the complete mixing-based methods is 
successfully demonstrated. This substantiates the capability of partial mixing-based 
CGGs for various lab-on-a-chip applications. The experimental results of the gradient 
generation show excellent agreement with those at the design phase, and hence, 
convincingly verify our models and design approach.   
Building on our previous modeling work [79], the present study addresses the 
development of the design algorithm, its application to practical CGG design, 





as the experimental verification of the models. As a result, we establish a self-
contained, automated platform for efficient, system-level design of CGGs (spanning 
both partial- and complete-mixing-based devices).    
 
2.2 Principle and Modeling Methodology 
In this section, we will first illustrate the principle of the partial mixing-based CGG 
devices and then briefly describe the component models and system-level 
representations that will be used in a simulation-based design algorithm. 
 
2.2.1 Partial Mixing-Based Concentration Gradient Generation 
Consider a Y-shaped mixer (Figure 2.1a) and a -shaped mixer (Figure 2.1b), 
which comprise a junction (Y-shaped or -shaped) and several microchannels 
connected to the junction. Given the microscale dimensions of the channel cross-
section and the practically relevant flow rates, the Reynolds number of the flow is 
small and the molecular diffusion within laminar flow is the dominant mechanism for 
sample mixing between streams. In the Y-shaped mixer, the sample and buffer solvent 
merge at the junction and then mix with each other in the downstream mixing channel. 
The extent of sample mixing determines the shape of the resulting concentration 
profiles. For example, immediately after the junction, an abrupt step-shaped profile 
results due to the negligible transverse diffusion. The transverse location of the 
discontinuity is determined by sample and buffer flow rates through both branch 





sample migrates downstream. At the end of the channel, an approximately linear 
concentration profile is obtained, which exhibits good linearity in the central portion of 
the channel width. The gradient is modestly nonlinear at both sidewalls due to their 
impermeability to sample transport. Similarly, a sample stream sandwiched between 
two pure buffer streams can be introduced into a mixing channel (Figure 2.1b). 
Immediately after the -shaped junction, a Dirac delta function-like concentration 
profile forms because of a lack of sample mixing therein. Inter-stream diffusion in the 
downstream mixing channel smears out the abrupt gradient and produces a bell-shaped 
profile, which is commonly employed to investigate chemotaxis [45]. By selecting 
proper channel dimensions, flow rates and detection spots, desired height, width and 
transverse position of the bell shape can be attained.  
It is straightforward to conceive that by juxtaposing these constituent profiles 
laterally, temporally and spatially stable gradients of more complex shapes can be 
achieved. For example, a sawtooth-shaped concentration profile (including three linear 
segments) can be created by merging the approximately linear profiles emerging from 
three Y-shaped mixers. The associated network topology is depicted in Figure 2.1c, 
which shows that the Y-shaped mixers are placed in parallel on a microchip, and their 
exits converge at a -shaped junction. The sawtooth profile is then detected at the 
downstream output channel. As the constituent profiles are independent of each other, 
their shape characteristics (e.g., width, slope, peak and mean concentration values) can 
be individually manipulated by judicious choice of branch flow rates, channel sizes, 







Figure 2.1. Principle of CGGs based on partial mixing of samples. Constituent mixers: (a) a Y-shaped 
mixer and the generated concentration profile, and (b) a -shaped mixer and the generated concentration 
profile. (c) a CGG, which consists of three Y-shaped mixers placed in parallel on a microchip, generates 
a sawtooth-shaped profile including three constituent linear profiles.  
 
2.2.2 Component Models 
The microfluidic CGG device can be represented by a set of elementary 
components, including microchannels (straight or curved), Y- and -shaped junctions 
(Figure 2.2), and reservoirs. In a microchannel (Figure 2.2a), sample and buffer 
streams flow side by side, and mix with each other by molecular diffusion in laminar 





case). A Y-shaped junction has two inlets, labeled as “L” and “R”, and one outlet as 
“Out” (Figure 2.2b). Sample and/or buffer streams enter the junction via the inlets and 
exit from the outlet as a single combined stream. Similarly, a -shaped microchannel 
junction possesses three inlets, which are labeled as “L”, “C”, and “R”, and one outlet 
as “Out” (Figure 2.2c). Accordingly, three streams of sample and/or buffer solutions 
are concurrently introduced into the junction. Note that while not discussed here, 
junctions with four or more inlets could be used to combine more streams if desired.  
 
 
Figure 2.2. Elementary components and models for concentration gradient generation: (a-1) a 
microchannel (straight or curved), (a-2) the model for the microchannel; (b-1) a Y-shaped junction,  (b-
2) the model for the Y-shaped junction; (c-1) a -shaped junction, and (c-2) the model for the -shaped 
junction. The -shaped junction is modeled as a serial connection of two Y-shaped junctions. Here R 





As a complex microfluidic network can be decomposed into a collection of 
standardized components, a system-level modeling and simulation methodology will 
be utilized for our CGG modeling. That is, models for individual components will be 
developed, which are then linked to construct a system-level model for the entire 
microfluidic network representation. Details of the component models are given 
elsewhere [79]. Here, to make this chapter self-contained, we recapitulate the key 
elements of these models. Essentially, the objective of component modeling is to 
determine the functional relationship between the inlets and outlet in terms of fluidic 
pressure (p), flow rate (q), and sample concentration (c). To obtain the model in 
analytical form, we make the following assumptions. First, the length of the channel is 
much greater than its width and depth. Second, in practical applications, the mixing 
channel has a flat cross section, i.e., the width is much larger than the depth. Third, a 
mixing channel can be either straight or curved in shape (e.g., serpentine in Figure 
2.1c), in which case the effects of longitudinal curvature on the laminar flow and 
sample diffusion are negligible. Finally, the flow field is steady-state. The implications 
and justification of these assumptions are discussed in Ref. [79]. 
 
2.2.2.1 Microchannel Model  
By solving the flow momentum equation and convection-diffusion equation along 
with the assumptions above, at the inlet and outlet of a microchannel, the pressure (p), 
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where subscript “in” and “out” represent the quantities at the inlet and outlet of the 
channel, q is the volumetric flow rate through the channel, R is the channel’s flow 
resistance,  is the channel’s aspect ratio, defined as the ratio of channel width w to the 
depth h, l is the channel length,  is the dynamic viscosity of the solution. Also   = 
lD/(Uw2) is the dimensionless residence time of the sample in the channel, where U is 
the average flow velocity across the channel’s cross-section. The concentration profile 
of the sample at any location in the network (including inlets and outlets) can be 




 n  , where dn is the Fourier coefficients (n = 0, 1, 2,…), 
y and  = y/w are, respectively, the dimensional and dimensionless transverse 
coordinate (Figure 2.2). Equations (2.1) and (2.2) also apply to a curved microchannel 
turn having a rectangular cross section (Figure 2.1c), with the centerline arc length 
given by l = rc, where rc and  are, respectively, the mean radius and included angle 
of the turn.  
 
2.2.2.2 Y-Shaped Junction  
In a Y-shaped junction two incoming streams with certain sample concentration 
profiles are juxtaposed and emerge as a single combined stream (Figure 2.2b). As the 
flow path lengths of the Y-junction are negligible compared with those of the channels, 
such an element can be assumed to have zero physical size. Thus, the pressures and the 
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where “L”, “R”, and “out”, respectively, denote the quantities at the left inlet, right 
inlet and outlet; s = q(L) /( q(L) + q(R)) is the flow ratio at the junction, i.e., the 
normalized flow rate of the left-branch stream, and gives the normalized position of the 
interface between the incoming streams. Here, f1=(m-ns), f2=(m+ns), F1=(m+n-ns) 
and F2=(m-n+ns).  
 
2.2.2.3 -Shaped Junction  
To develop a separate model for the -shaped junction is unnecessary, as the -
shaped junction can be constructed as a serial connection of two Y-shaped junctions 
(Figure 2.2c). Likewise, the pressures at all inlets and outlet are identical due to zero 
physical size of the junction: 
(L) (C) (LC) (R ) (out) (L) (C) (LC) (R) (out),   0p p p p p R R R R R          (2.5) 
 
As to the Fourier coefficients, the output of the first Y-shaped junction is used as 
the input to the left inlet of the second Y-shaped junction. Specifically, given the 
Fourier coefficients of the sample concentration at the left  and the center inlets 











the first Y-shaped junction. and that at the right inlet  are then supplied as the 
inputs to Equation (2.4) of the second Y-shaped junction to calculate the overall output 









2.2.3 System-Level Models 
The design process requires the use of a system-level model representing the whole 
CGG device of the candidate design for performance evaluation. This is accomplished 
by linking the component models described above according to the device topology 
(see Ref. [79] for a more detailed discussion of model integration).  
The use of the system model to evaluate the candidate design involves computing 
both fluidic parameters including pressure (p), flow rates (q), and the Fourier 
coefficients (dn) of the concentration profile along the channel width for all 
components in the network. Parameters between two neighboring components are set 
equal, i.e.,    1j jouP t  and       1j joutndiP   ind    because of continuity 
requirements, where the index i has values “in”, “L”, or “R”, respectively, to represent 
the component’s inlet, left, or right inlets, j denotes the j-th component in the network 
and its immediately downstream component is numbered j+1.  
The specific computational procedure is as follows [79]. Given a system topology, 
component geometries and volumetric flow rates (or equivalently applied pressures) at 
reservoirs, the flow rate through each component in the entire CGG network is first 
computed using Equations (2.1), (2.3), and (2.5) along with Kirchhoff’s law. The flow 





component, as well as the flow ratio s at the junctions are then explicitly calculated. 
With these results and user-input sample diffusivity D, Fourier coefficients of sample 
concentrations    joutnd
 
at the outlet of component j are determined from the 
corresponding values at the component inlets, and then assigned as an input to the inlet 
of its succeeding component j+1, for which the sample concentration Fourier 
coefficients   1joutn d  can be computed in a similar manner. This procedure starts from 
the most-upstream sample reservoirs, and continues until the most-downstream 
component (waste reservoir). Once the Fourier coefficients at each component are 
available, the concentration profile within the entire network (including that at the 




 n  . 
Finally, it should be noted that all the component models and system-level 
modeling approach could be extended to devices that use electrokinetically driven flow 
[105]. In this case, the assumption of flat channel cross sections can be relaxed [79].  
 
2.3 Iterative Simulation-Based CGG Design 
In practice, it is often necessary to design a device that generates a user-prescribed 
concentration profile. This can be accomplished using an iterative simulation process, 
in which a set of candidate designs spanning a user-specified parameter space is 
successively evaluated to identify the best choice. To facilitate the formulation of this 





between the prescribed profile cp and the profile produced by the individual candidate 
design cd in the iterative process: 
 























   (2.6) 
where 1 and 2 (0 1<2 1) represents the transverse region of interest in which the 
concentration profiles are evaluated. E{d,p} falls in the interval [0, 1] and a small value 
of E{d,p} indicates good agreement between the two profiles cd() and cp().   
As shown in Figure 2.3, the process begins with the choice of a suitable topology 
of the device according to the user-prescribed concentration profile (e.g., linear, bell-
shaped, or sawtooth-shaped). Then proper component models are selected and linked 
to provide the system-level representation of the device. The behavior of individual 
candidate CGG design is governed by a set of parameters including the dimensions of 
each component (e.g., the length l, width w and height h of the channels), properties 
(e.g., sample diffusivity D), and operating conditions (e.g., sample concentrations c 
and flow rates q at the inlet reservoirs, and the detector location ld). In general, all these 
parameters can be treated as design variables and be determined from the iterative 
process. However, in practice, it may be desirable to use a single device to produce 
multiple concentration gradient profiles. As shown in Figure 2.3, we focus on this 
important scenario by selecting operating parameters as design variables for fixed 
device geometry. Given initial guess values of design variables, the modeling 
subroutine assembles all the necessary information and calculates the output 
concentration profile cd as well as its discrepancy from cp at the position of detection. 





space to find out the best parameter combination yielding minimal E{d,p}. This iterative 
procedure later can be improved in terms of automation and convergence speed by 
incorporating an appropriate optimization engine. It should be noted that if needed, the 
device dimensions also could be added as design variables in the above process. In 
addition, this design methodology also applies to electrokinetic CGG devices, in which 
the electrical potential at the reservoirs rather than the flow rate can be chosen as a 
design variable.  
 
 
Figure 2.3. A flow chart illustrating the iterative simulation-based design approach. 
 
2.4 Microfabrication and Experimental Setup  
Microfluidic CGG chips are fabricated according to the optimal design layout 





poly(dimethylsiloxane) (PDMS) bonded to a glass substrate. The microfluidic features 
are fabricated in the PDMS sheet using soft lithography techniques. The fabrication 
process begins with spin-coating and patterning a 60-m layer of SU-8 2050 
photoresist (MicroChem, MA) on a silicon wafer, which upon curing at 95 oC for 7 
min on a hotplate forms a master defining the negative of desired microfluidic features. 
Next, a PDMS prepolymer (Sylgard 184, Dow Corning, MI) is cast against the master 
and cured at 70 oC for 45 min, also on the hotplate. The resulting PDMS sheet is then 
peeled off from the master, cut into properly sized pieces, and punched with inlet and 
outlet holes. The PDMS is bonded to a glass slide (Corning, NY) after being placed for 
5 minutes in a UV ozone cleaner (Model T10X10/OES, UVOCS, PA). Tygon tubes 
(Saint-Gobain Performance Plastics, OH) are inserted into the inlet and outlet holes in 
the PDMS and affixed with Epoxy (ITW Performance Polymers, FL). Figure 2.4 
illustrates the fabricated CGG micro-device (with ink solution filled in the channels), 
and the insets show the generation of concentration gradient using fluorescent solution.  
A 10 M stock solution of Alexa 488 (Sigma-Aldrich, MO) is prepared in 
phosphate buffer saline (PBS). Diluted concentrations are obtained by adding aliquots 
of the stock solution to PBS. In the experiments, fluorescent solutions and PBS buffer, 
at Alexa concentrations and the flow rates resulting from the iterative design process, 
are driven into the CGG devices using syringe pumps (KD230P, KD Scientific, MA). 
For generation of double bell-shaped profile (see below), an additional syringe pump 
(NE-1000, New Era Pump Systems, NY) is used. Fluorescent images are taken with an 
inverted epi-fluorescence microscope (Diaphot 300, Nikon Instruments, NY) and 





profiles across channel width are extracted from the images using ImageJ (available 
free online at http://rsb.info.nih.gov/ij/). For convenience of data presentation, all 
fluorescence intensity values are normalized against that of the stock solution. 
 
 
Figure 2.4. The CGG device fabricated by the soft lithography technique. (a) CGG for sawtooth-shaped 
profile, and (b) CGG for double bell-shaped profile. The insets show the generation of concentration 
gradient using fluorescent solution.   
 
2.5 Results and Discussion 
This section presents several microfluidic CGGs that are designed, fabricated and 
tested as described above. We will consider a set of practically important concentration 
gradients, including linear, bell-shaped, sawtooth-shaped, and double bell-shaped 
profiles. The concentration profiles measured in the experiments are then compared to 
the user-prescribed profiles and those from the design phase to validate the system 
model, and more importantly, to substantiate the feasibility of generating complex 





In the discussion below, we will need to assess the discrepancies of an 
experimentally obtained concentration profile, ce() as compared with the 
corresponding user-prescribed concentration profile, cp(), and design-generated 
profile, cd(). We use indices that are defined in a similar fashion to Equation (2.6) to 
characterize these discrepancies, with the subscripts {d, p} respectively replaced with 
{e, p} and {d, e} to represent comparisons between the prescribed and experimental 
profiles, and between the design-generated and experimental profiles. Note again that 0 
1<2 1 in Equation (2.6). 
 
2.5.1 Linear Profiles 
We first demonstrate the design and experimental results of CGG devices to 
produce a prescribed linear concentration profile, which is mathematically represented 
by 
c a b    (2.7) 
where a and b are constants. As discussed in Section 2.2.1, this profile can be 
generated with a Y-shaped mixer (see Figure 2.1a). The device dimensions and 
normalized sample concentrations at the inlet reservoirs (cL = 1 and cR = 0 at the left- 
and right-inlets) are fixed, while the iterative design process is carried out to determine 
the flow rates qL and qR yielding sample concentration profile closest to the prescribed 
one. Here, consider two prescribed linear concentration profiles given by {a, b}(I) = 
{1.5, 2} (called Linear Profile I), and {a, b}(II) = {2.5, 4} (called Linear Profile II). The 
length and width of both branch channels are 8000 m and 212 m, and those of the 





downstream of the Y-shaped junction. Given these device dimensions, the proper flow 
rates yielded by the iterative simulation are: {qL, qR}(I) = {0.722, 0.722} l/min and 
{qL, qR}(II) = {3.445, 3.445} l/min. The concentration profiles from the design and 
experiments are compared to the prescribed ones in Figure 2.5a. Good agreement is 
found in the central region over the microchannel width. Specifically, at the detector 
position, the discrepancy between the prescribed profiles and design profile over the 
central portion (0.4    0.6) is characterized by E{d,p} = 0.2 % (Linear Profile I) and 
1.9 % (Linear Profile II), and that between the prescribed and experimental profiles is 
E{e,p} = 1 % (Linear Profile I) and 11.1 % (Linear Profile II). The deviation of design 
and experimental profiles from the prescribed profiles is appreciable near the channel 
sidewalls (0   < 0.4 and 0.6 <   1) and can be attributed to impermeability of the 
walls to sample transport. However, this generally would not affect practical 
applications (e.g. cell chemotaxis), as the observation of biological behavior (e.g., cell 
response) is extracted typically only in the central linear region for analysis. It should 
also be pointed out that the bending of the linear profile at the sidewalls is present even 
for complete mixing-based gradient generation as the inter-stream diffusion is typically 
needed for profile smoothing [101]; while the use of a large number of branches 






Figure 2.5. Comparison of the prescribed, design, and experimental results of the constituent 
concentration profiles: (a-1) linear profile with {a, b}(I) = {1.5, 2} and (a-2) linear profile with {a, b}(II) = 
{2.5, 4}; (b-1) bell-shaped profile with {a, b}(I) = {6, 0.2}, (b-2) bell-shaped profile with {a, b}(II)={10, 
0.2}, and (b-3) bell-shaped profile {a, b}(III)={10, 0.3}. 
 
Figure 2.5a also reveals that larger flow rates, accompanied by a narrower central 
linear region, are required to produce the concentration profile of a larger gradient 
(dc/d = 4). The width of the central linear region is determined by the sample 
transverse diffusion length (wd), and accordingly, the longitudinal sample residence 
time (t), which are correlated by wd = (2Dt)1/2. At higher flow rates, the longitudinal 
sample residence time and transverse diffusion length are both shorter (given a fixed 
detector location), leading to narrower central linear region. 
To experimentally verify our system-level models [79], we further compare the 





channel width (0    1), as the models are able to capture the diffusion behavior at 
the sidewalls. Excellent agreement is observed, with relative errors of E{d,e} = 2.6% 
(Linear Profile I) and 4.3% (Linear Profile II). The discrepancy can be attributed to 
both approximations in the models and errors in fluorescence experiments. In the 
model, a large channel width-to-depth ratio is assumed [79], which in turn leads to the 
assumption of a uniform cross-sectional velocity. This essentially neglects velocity 
boundary effects at the channel walls, and results in the near-wall discrepancies 
between the profiles. In experiments, errors in the actual flow rates of the syringe 
pumps would result in a small lateral shift in the measured concentration profile with 
respect to the design profile, and the shift is exacerbated for steeper profiles, as is 
evident from Figure 2.5a. 
 
2.5.2 Bell-Shaped Profiles 
A symmetric bell-shaped profile along the channel width can be mathematically 
described in terms of two error functions, 
{erf[ ( )] erf[ ( 1 )]}/ 2c a b a b        (2.8) 
where a and b are constants, respectively, determining the slope and position of the 
sigmoid sides of the bell shape profile. This profile can be produced by a CGG device 
consisting of a single -shaped mixer (Figure 2.1b). In the device design, we again 
hold device dimensions and inlet sample concentrations, and perform the iterative 
design to determine the flow rates of the sample and buffer solutions at the L-, C- and 
R-inlets (qL, qC and qR). The device dimensions are as follows: the length and width of 





are 10000 m and 600 m. Detection is made at the end of the output channel. Given 
the device dimensions and inlet concentrations, flow rates of {qL, qC, qR}(I)  = {2.532, 
0.844, 2.532}, {qL, qC, qR}(II) = {6.594, 2.198, 6.594}, and {qL, qC, qR}(III) = {3.295, 
4.395, 3.295} l/min are obtained from the iterative design process to produce, 
respectively, three concentration profiles given by {a, b}(I) = {6, 0.2} (called Bell 
Profile I), {a, b}(II) = {10, 0.2} (Bell Profile II), and {a, b}(III) = {10, 0.3} (Bell Profile 
III). It shows that relative to Profile I, large flow rates are needed in Profile II to 
expedite the sample migration in the main microchannel for less diffusion, steeper side 
slopes, and more drastic gradient change (i.e., larger values of a = 10). As the 
sigmoidal position parameter b increases, both sigmoid sides translate towards the 
channel centerline, shrinking the width of the plateau and the area under the curves. 
This can be achieved by reducing the ratio qC/qL (or qC/qR) to reduce the amount of 
sample entering the network. Further increase in b can result in a Gaussian or a Dirac  
profile without plateaus. The concentration profiles from the design and experiments 
are both compared to the prescribed profiles in Figure 2.5b. They all agree well over 
the entire mixing channel width (in contrast to agreement found only in the central 
region for linear profiles). This is because the prescribed profiles expressed by error 
functions precisely capture the diffusion physics at the sidewalls and zero gradients 
therein. The discrepancy between the design and prescribed profiles for all the three 
cases are almost indistinguishable, characterized by E{d,p} = 1% (Bell Profile I), 0.28% 
(Bell Profile II), and 0.39% (Bell Profile III) over the entire channel width. The 
relative errors between the experimental results and the prescribed profiles are found to 





To examine the model accuracy, the design profiles obtained from model 
evaluation are also validated against the experimental results. Again the agreement is 
excellent, as indicated by relative errors of E{d,e} = 3%, 3.77%, and 2.98%, for Bell 
Profiles I, II and III, respectively. 
 
2.5.3 Sawtooth-Shaped Profiles 
In this section, a CGG device is introduced to generate a sawtooth-shaped profile, 
which can be used, for example, for concurrent multiplex analysis or study of cell 
behavior subject to abrupt gradients. Consider N periodic constituent linear profiles 
lined up along the channel width, such that the i-th linear profile spans the transverse 
interval given by  1i N i   N N ( 1,2,...,i  ). The overall profile can be 
mathematically represented by 
    ,   1i ic a b i N i N      (2.9) 
where ai and bi are constants, respectively determining the intercept (across the 
coordinate of normalized concentration) and slope of the constituent linear profiles. 
We specifically focus on the case of three constituent linear profiles (N = 3). The 
CGG device consists of three Y-mixers, each generating one linear profile as shown in 
Figure 2.1c. In order to produce a sharp sawtooth shape, the detection spot is chosen at 
400 m downstream from the -shaped junction that combines the Y-mixers. To 
demonstrate the feasibility of manipulating inlet concentrations to adjust concentration 
gradients, the device dimensions and flow rates are fixed in this example and the 





Given the device dimensions in Figure 2.1c and a flow rate of 5 l/min at each inlet, 
the iterative design procedure determines that inlet sample concentrations of {c1, c2, c3, 
c4, c5, c6}(I) = {0.408, 0, 0.408, 0, 0.408, 0} are required to generate a sawtooth-shaped 
profile with {a1, b1, a2, b2, a3, b3}(I) = {0.5, -1.8, 1.1, -1.8, 1.7, -1.8} (Sawtooth Profile 
I). The constraints c1 = c3 = c5 and c2 = c4 = c6 embedded in the concentration choices 
ensure the same slope and peak values of the three constituent linear profiles. Similarly, 
to achieve a sawtooth profile depicted by {a1, b1, a2, b2, a3, b3}(II) = {1.3, -4.8, 1.1, -1.8, 
0.568, -0.6} (Sawtooth Profile II), inlet concentrations of {c1, c2, c3, c4, c5, c6}(II) = {1, 
0, 0.408, 0, 0.136, 0} are needed. The constraints of the inlet concentrations c1 > c3 > 
c5 and c1- c2 > c3- c4 > c5- c6 render the peak values and slopes of the constituent linear 
profiles to decrease continually from the left to the right. 
Similar to the single linear profile case, the concentration profiles from the design 
and experiments agree well with the prescribed ones in the central section of each 
constituent linear profile (2/15≤≤3/15, 7/15≤≤8/15, and 12/15≤≤13/15 in Figure 
2.6). The total discrepancies summed over the three central portions are quantitated, 
for Sawtooth Profiles I and II, by E{d,p}(I)= 2.1%, E{d,p}(II)= 0.8%, E{d,p}(I)= 7.2%, and 
E{d,p}(II)= 10%. In addition to errors at the sidewalls, appreciable discrepancies are also 
observed at the interface between constituent linear profiles. This can be attributed to 







Figure 2.6. Comparison of the prescribed, design, and experimental results of the sawtooth-shaped 
concentration profiles represented by (a) {a1, b1, a2, b2, a3, b3}(I) = {0.5, -1.8, 1.1, -1.8, 1.7, -1.8}, and (b) 
{a1, b1, a2, b2, a3, b3}(II) = {1.3, -4.8, 1.1, -1.8, 0.57, -0.6}.  
 
The experimental profiles are also compared to those obtained from iterative 
design for model verification. An agreement with relative errors of E{d,e}(I)= 7.1% 
(Sawtooth Profile I) and E{d,e}(II)= 9.4% (Sawtooth Profile II) is observed over the 
entire channel width. Note again that since our models are able to describe the 
diffusion behavior accurately at the stream interfaces between the constituent linear 
profiles and at the sidewalls, the comparison is examined over the entire width. The 
most significant discrepancy occurs at the stream interfaces, where the concentration 
changes drastically, and can be attributed to the lateral profile shift arising from 
experimental errors in the actual flow control.  
 
2.5.4 Double Bell-Shaped Profiles 
Our partial mixing-based CGG device is also capable of generating double bell-





with partial overlap at the center and is similar to parabolic profiles generated with 
complete-mixing networks [74]. The profile is represented by 
  1 12 2[ ( ( )) ( ( ))] [ ( (1 )) ( (1 ))c erf a b erf a d erf a b erf a d              ]  (2.10) 
This profile can be generated by a CGG network consisting of two -shaped 
mixers juxtaposed side by side as shown in Figure 2.7a. The channel dimensions are 
held unchanged during the design process, while the inlet flow rates and inlet 
concentrations are both treated as design variables. The profile is detected at 400 m 
downstream from the Y-junction where two branch  mixers meet. Given a prescribed 
profile expressed by {a, b, d} = {8, 0.2, 0.4}, the iterative design process yields the 
proper flow rates and concentrations: {q1, q2, q3, q4, q5, q6} = {3.93, 4.78, 2.02, 2.02, 
4.78, 3.93} l/min and {c1, c2, c3, c4, c5, c6} = {0, 0.84, 0.11, 0.11, 0.84, 0}.  
The concentration profiles resulting from the design and experiments agree with 
the prescribed profile over the entire channel width (Figure 2.7b), yielding relative 
errors of E{d,p} = 2.0 % and E{e,p} = 6.7%. It is noted that as a result of supplying non-
zero sample concentration in inlets 3 and 4, the two single bell shapes partially overlap 
in the central region, leading to the asymmetry of each individual bell profile. 
Although not shown here, it is conceivable that the slopes, widths, and position of the 
constituent bell shape can be manipulated using flow rates, flow ratio, and inlet 
concentration in a similar manner as the single bell-shaped case. For example, we can 
apply higher flow rates in the two side inlets (inlets 1 and 6) and lower flow rates in the 
two central inlets (inlets 3 and 4), i.e., varying the flow ratio, to shift the peaks of the 







Figure 2.7. A CGG device to produce a double bell-shaped concentration profile: (a) device layout and 
dimensions; and (b) comparison of the prescribed, design, and experimental results of the double bell-
shaped concentration profiles, represented by {a, b, d} = {8, 0.2, 0.4}.  
 
The concentration profiles selected from model-based design are also compared 
against the experimental results for model verification. Good agreement is found over 
the entire channel width, with a relative error of E{d,e} = 7%. In addition to flow 
disturbances as discussed above, the issue of pump mismatch also contributes to 
experimental error in this case. Here, due to the unavailability of three identical syringe 
pumps, pumps of different models (characterized by different technical specifications 
and accuracy levels) were used for double-shaped profile generation. Specifically, the 
syringe pump used to inject samples to inlets 3 and 4 was different from the other two, 
which led to larger discrepancies in the central region of the profile, as seen in Figure 
2.7b. 
2.6 Conclusion 
A novel method of generating complex concentration profiles has been presented, 





networks. The underlying principle is to combine simple constituent concentration 
profiles to construct composite profiles with a higher level of complexity. To assist the 
device design, an iterative algorithm has been developed to integrate previous CGG 
models as a simulation engine. The iterative process not only captures the overall 
effects of device geometry, sample properties, and operating protocols on sample 
transport, but also allows identification of the optimal design parameters. Hence, it 
enables rapid, effective, and reliable virtual prototyping of CGG for lab-on-a-chip 
applications.   
The iterative design approach is then exploited to devise practically relevant CGG 
networks that are able to generate user-prescribed concentration profiles. CGG 
microchips are fabricated using soft lithography and experimentally characterized 
using the parameters selected from design process. The experimental results 
successfully demonstrate the generation of a variety of concentration profiles via 
partial mixing and provide several key insights: 
The qualitative shape of concentration profiles is dictated by the CGG topology. 
Specifically, simple linear and bell-shaped profiles are obtained from Y- or -shaped 
mixers, respectively. Microfluidic networks that laterally line up multiple Y- or -
shaped mixers are capable of producing sawtooth- or double/multiple bell-shaped 
concentration profiles.   
The details in the concentration profile can be tuned with geometrical and 
operating parameters. For example, small flow rates (or equivalently, long 
microchannels) promote sample diffusive mixing; leading to mild, smooth gradients as 





width of certain portions of the profile (Figure 2.5b). In addition, given fixed CGG 
network dimensions, sample concentrations at the reservoirs serve as a practical means 
for gradient modulation as shown in Figure 2.6.  
Profiles from design and experiments in general show good agreement with the 
prescribed ones, while appreciable discrepancies caused by the profile bending at the 
sidewalls and interface region have been observed for the linear and sawtooth cases 
due to the impermeability conditions therein. Note that such effects are also typically 
present in complete mixing-based gradient generation approaches [101] with the 
exception of heavily stacked networks containing a large number of branches [74], 
which unfortunately occupy large footprint and are prone to leakage and clogging.  
Excellent agreement between the experimental data and design profile has been 
observed in all cases with relative errors less than 10%, which substantiates the 
accuracy of our previously developed CGG models.     
While laminar flow-based schemes provide an effective tool of concentration 
gradient generation for many instances of cell biology study, alternative cases exist 
where fluid flow is undesired when investigating cell responses. Therefore, how to 
generate stable concentration gradients in absence of fluid flow will be the focus of the 






Chapter 3. Flow-Free Generation of Stable Chemical 
Concentration Gradients with Complex Shapes 
 
 
In certain investigations of cell responses to chemical concentration gradients, the 
presence of fluid flow may be detrimental to cells. Examples of such circumstances 
include studying suspension cells (e.g. cells in the circulation system) which do not 
attach to a surface and will be carried away in fluid flow, and investigating certain cell 
types which are highly susceptible to the shear stress induced by fluid flow. This 
chapter discusses the development of a class of novel microfluidic concentration 
gradient generation (CGG) devices that create temporally stable chemical 
concentration gradients with complex shapes in a flow-free environment. The devices 
feature a two-layer channel design and the incorporation of a semipermeable 
membrane, which effectively segregates the concentration gradient region in the lower 
layer from the sample and buffer flow in the upper layer. In the mean time, free 
diffusion across the membrane constantly replenishes sample and buffer in the bottom 
channel to maintain a stable concentration gradient. The shapes of the concentration 
gradients are controlled by the geometries of the micro- channels and chambers. 
Concentration gradients with complex shapes can be achieved by piecewise combining 
constituent gradients with elementary shapes. Capable of generating concentration 





stimulation on biological cells under investigation, while maintain a stable chemical 
environment for cell studies.  
3.1 Introduction 
Chemical concentration gradients play an important role in cell biology studies, e.g. 
cell growth and differentiation [106-108], cell signaling [57, 59, 85], cell chemotaxis 
[45, 76, 101], and many other studies concerning the relationship between exogenous 
chemical stimulation and cell response. Compared to conventional methods for 
generating chemical concentration gradients, approaches using microfluidic 
concentration gradient generation (CGG) devices are of particular interest, thanks to 
their advantages in low sample consumption and ease of control and automation. In 
stem cell research, for instance, a microfluidic CGG device was used to generate 
different gradient profiles of growth factors for controlling the growth and 
differentiation of human neural stem cells [75]. In addition to fundamental laboratory 
research, microfluidic CGG devices also find broad applications in pharmaceutical 
development. Pharmacological gradient profiles, for example, were created using a 
microfluidic device for lead optimization in drug discovery processes [51]. 
Currently, microfluidic CGG devices most commonly exploit molecular diffusion 
between multiple streams of laminar flow [45, 74-80]. To generate a chemical gradient, 
streams of buffer and chemical samples with different concentrations are introduced 
into a network of channels at carefully determined flow rates. The streams are joined at 
appropriately selected positions such that after the junctions, chemical molecules will 
diffuse between the streams for a predetermined time and distance depending on the 





channel width at the location of observation; the shape of the gradient profile is 
synergistically determined by the configuration of the channel network, and the sample 
concentration and flow rate of each stream. While such multi-stream laminar-flow 
based CGG devices are capable of generating relatively complex gradient profiles, the 
presence of bulk fluid flow significantly limits their use in cell biology studies. For 
example, the bulk flow may introduce undesired shear force to cells under 
investigation, and the presence of continuous fluid flow will flush away cells that do 
not attach to surfaces. Even for attachable cells, cell-secreted factors essential for 
intercellular signaling will be carried away by fluid flow, leading to failure of signaling 
between cells. Moreover, the stability of the concentration gradient profiles is limited 
by flow rate stability, that is, as the shape of the gradient profiles critically depends on 
flow rates, it could be significantly changed by even a slight flow disturbance. Finally, 
when relatively high flow rates are required, the sample and reagent consumption 
becomes significant, especially when the cells need to be cultured in the concentration 
gradient for days. 
There have been a number of notable attempts to eliminate bulk fluid flow in 
microfluidic concentration gradient generation. For example, two parallel channels 
respectively containing chemical sample and pure buffer solutions can be connected by 
a perpendicular straight channel, in which a linear gradient of the chemical 
concentration is formed [90]. Bulk flow is drastically reduced in perpendicular gradient 
forming channel when identical flow rates were used in the parallel sample and buffer 
channels, allowing the study of non-attachable cells. To address the limitation of 





forming channel has been modified to generate nonlinear, yet monotonically varying 
gradient profiles [91]. However, such designs, relying on precisely matching sample 
and buffer flow rates, remain susceptible to mechanical disturbances to the 
microfluidic system.  
Alternatively, a straight gradient forming channel has been connected between two 
large, stationary reservoirs each respectively containing chemical sample and pure 
buffer solutions [85]. The channel is connected to the reservoirs through a 
semipermeable membrane, which eliminates bulk flow while allowing molecular 
diffusion between the reservoirs and the gradient forming channel. This approach is 
more effective in eliminating fluid disturbances in the gradient forming channel, but is 
limited to linear concentration profiles, which also diminish over an extended period of 
time. These limitations can be overcome by using a hydrogel as a medium in which 
concentration gradients are established [84, 86]. For example, in [84], parallel sample 
and buffer streams are separated by a sheet of hydrogel, through which sample 
molecules diffuse and a concentration gradient is created, and a gradient forming 
channel is placed in contact with the hydrogel to sample different concentration 
gradients depending on the location and shape of the channel. This effectively 
eliminates flow disturbances in the gradient forming channel, and is capable of 
maintaining non-diminishing gradient profiles with constant replenishment of sample 
and buffer, and by design of the gradient forming channel shape, allows generation of 
more complex concentration gradients. Unfortunately, due to extremely slow 
molecular diffusion in hydrogels, this approach requires prolonged setup times for the 





This chapter presents an approach to microfluidic concentration gradient 
generation that is capable of generating temporally stable chemical concentration 
gradients with various shapes in a flow-free environment. The approach is based on 
two microfluidic layers separated by a semipermeable membrane. Bulk fluid flow of 
chemical sample and buffer solutions is contained within the upper layer, and chemical 
concentration gradients are generated within a flow-free microchamber in the lower 
layer. Cross-membrane diffusion of sample molecules allows continuous 
replenishment of sample and buffer from the upper-layer channels to the lower-layer 
gradient forming microchamber, whose shape can be designed to allow the generation 
of concentration gradient profiles of different shapes. Such flow-free gradient profiles 
will be useful for cell biology applications, especially those that involve non-attachable 
cells.  
 
3.2 Principle and Design 
Our approach to microfluidic concentration generation is based on a two-layer 
device configuration (Figure 3.1). The upper layer consists of two parallel 
microchannels respectively containing a chemical sample solution and a pure buffer, 
while the lower layer contains a gradient forming microchamber. The sample and 
buffer channels are connected to the microchamber through a semipermeable 
membrane, which is sandwiched between the two microfluidic layers. The 
microchamber is connected through the membrane pores to the sample and buffer 
channels at selected chamber boundaries (referred to as “controlled boundaries”). At 





microchamber are controlled to be constant by the fluid flowing in the overlaying 
sample and buffer channels by means of molecular diffusion across the membrane at 


















Figure 3.1. Device configuration. (a) Exploded view of the device: an upper PDMS layer containing 
sample and buffer channels, a bottom layer containing a gradient forming microchamber, and a 
semipermeable membrane sandwiched in between. (b) A sealed final device. Marked in red are the 
controlled boundaries where the concentration in the gradient forming chamber is controlled to be 
constant by the running sample and buffer solutions in the respective overlaying channels. (c) Fluidic 
path and molecular diffusion path. The solid arrows denote fluidic path, and the dotted arrows denote 
diffusion path.  
 
During operation, sample and buffer flow at a very low rate in their respective 
channels. At the controlled boundaries, due to the concentration difference across the 





forming microchamber and then into the buffer channel. Figure 3.1c illustrates the 
fluidic path in the sample and buffer channels as well as the molecular diffusion path 
across the membrane pores and the gradient forming microchamber. As sample and 
buffer are replenished at a constant flow rate in the upper layer, constant 
concentrations are imposed at the controlled boundaries of the gradient forming 
microchamber, with a higher concentration at the boundaries connecting the sample 
channel and a lower concentration at those connecting the buffer channel. In the mean 
time, sample molecules also diffuse within the gradient forming microchamber. After a 
transition time, a concentration gradient will evolve and reach a steady state in the 
gradient forming microchamber. This gradient profile will not diminish over time 
thanks to the continuous replenishment of the sample and buffer solutions.  
Due to the large cross-membrane flow resistance resulting from the small pore size, 
bulk flow is limited to the upper layer only, creating a practically flow-free 
environment in gradient forming microchamber. The large cross-membrane flow 
resistance also makes the gradient forming microchamber virtually unaffected by flow 
disturbances inside the sample and buffer channels. As sample molecules inside the 
gradient forming microchamber are transported only through diffusion and not through 
convection, the resulting concentration gradient will not be distorted by fluid flow once 
the gradient is established.  
To generate concentration gradients with different shapes, different geometries of 
the sample and buffer channels and the gradient forming microchamber are designed 
and proper controlled boundaries are chosen. When the gradient forming 





concentration distribution inside the gradient forming microchamber is determined by 





    , where c is the local 
concentration, and x and y indicate the positions along the length of the gradient 
forming microchamber. The associated boundary conditions are c = 1 at the controlled 
boundaries replenished with sample, c = 0 at those replenished with buffer, and zero 
flux at the remaining gradient forming microchamber boundaries. Given different 
choices of controlled boundaries and different shapes of sample and buffer channels, 
different solutions will be obtained corresponding to different concentration 
distributions in the gradient forming microchamber. For example, to obtain simple 
linear gradients, controlled boundaries are chosen to be the two short edges, and both 
the sample and buffer channels assume a rectangular shape (Figure 3.2a). To obtain 
parabola-like gradients with concave or convex shapes, the one of the two controlled 
boundaries assumes a rectangular shape and the other assumes a trapezoidal shape, 
with the sample and buffer channels taking shapes accordingly (Figure 3.2b and c). 
Based on the same principle, gradient profiles with more complex shapes can be 
constructed from the elementary linear and parabola-like gradient profiles as building 
blocks. For this purpose, CGG devices may incorporate multiple straight or trapezoidal 
sample or buffer channels to produce the desired constituent linear or parabola-like 
gradients. For example, a sawtooth-shaped concentration profile can be created by 
connecting a series of linear concentration profiles using a CGG device with multiple 
sets of straight sample and buffer channels laid out in Figure 3.2d, while a bell-shaped 
concentration profile can be constructed by joining multiple parabola-like profiles 





concentration profiles are independent from one another, each profile segment can be 
tuned without interfering with other segments. Utilizing the COMSOL multiphysics 
simulation tool, the choice of controlled boundaries and the geometries of the sample 
and buffer channels can be determined for concentration gradient profiles with 






















































Figure 3.2. Geometry designs of sample and buffer channels and gradient forming microchamber for 
various concentration gradients: (a) linear profile; (b) concave parabola-like profile; (c) convex 






Devices are fabricated according to the optimized microchamber design 
determined from the simulation. The devices consist of two poly(dimethylsiloxane) 
(PDMS) sheets bonded to each other with a polycarbonate (PCTE) semipermeable 
membrane sandwiched in between. The microfluidic channels and chambers are 
fabricated in the PDMS sheets using soft lithography. Briefly, a 100-µm layer of SU-8 
2100 photoresist (MicroChem, MA) is spin-coated and patterned through lithography 
on a silicon wafer, which upon curing on a hotplate forms a master defining the 
negative of the desired microfluidic features. A PDMS prepolymer (Sylgard 184, Dow 
Corning, MI) is then cast against the master and cured on a hotplate to form 100-µm-
thick micro- channels and chambers. The resulting PDMS sheet is then peeled off from 
the master, cut into suitably sized pieces, and punched with inlet and outlet holes. Next, 
the PDMS sheets are bonded with the semipermeable membrane as follows [109]. The 
two PDMS sheets are first stamped against a glass slide with a 0.5-µm layer of pre-
cured PDMS diluted in toluene. A PCTE semipermeable membrane (pore diameter 0.4 
µm, Sterlitech, WA) is applied on the stamped side of one of the PDMS sheets, which 
is then aligned and brought in contact with the stamped side of the other PDMS piece. 
The PDMS-PCTE membrane assembly is then placed on a hotplate so that the pre-
cured PDMS between the layers acting as adhesive cross-links and solidifies to form a 
sealed device. A photograph of a fabricated device is shown in Figure 3.3, with ink 







Figure 3.3. A fabricated device for the linear profiles. Channels are filled with ink for visualization. 
 
Before microfluidic experiments, devices are prefilled with water to remove the air 
from the CGG device. During operation, sample and buffer are driven to their 
respective inlets using a syringe pump (KD230P, KD Scientific, MA) via Tygon tubes 
(Saint-Gobain Performance Plastics, OH) at a flow rate of 0.1 µL/min. We use 10-µM 
Alex 488 (Sigma-Aldrich, MO) fluorescent stock solution and water as the model 
sample and buffer, respectively. Different profiles of concentration gradients are 
observed under an inverted epi-fluorescent microscope (Diaphot 3000, Nikon 
Instruments, NY). Fluorescent images are recorded by a CCD camera (Model 190CU, 
Micrometrics, NH). Fluorescent intensity profiles, representing concentration profiles, 
are observed along the centerline of the gradient forming microchamber and analyzed 
using ImageJ.  
 
3.4 Results and Discussion 
First, we verify whether the flow resistance provided by the semipermeable 
membrane is high enough to restrain fluid flow across the membrane and the gradient 





pursue two possible paths: a) they may continue to flow through in the sample or 
buffer channels in the upper layer, i.e. the “fluidic path” in Figure 3.1c (denoted as 
“Path 1”), or b) they may cross the semipermeable membrane from one channel, enter 
and traverse the gradient forming microchamber, and cross the membrane again and 
reach the other channel, i.e. the “diffusion path” in Figure 3.1c (denoted as “Path 2”).  
We now estimate and compare the flow resistances associated with Path 1 and Path 2 
(denoted as R1 and R2, respectively). Given the length of sample or buffer channel 
section at the controlled boundaries l, channel width w and height h, gradient forming 
microchamber length L (numerically equal to the distance between sample and buffer 
channels) and chamber width W and height H, membrane thickness t, pore diameter d 
and number of pores connecting the sample or buffer channel and the gradient forming 
microchamber n, 3
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where   is the dynamic viscosity of the fluid. Plugging in the actual dimensions gives 
, and 100 31 1  Pa s mR   14 32 10  Pa s mR   . Since R2 is four orders of magnitude 
larger than R1, fluid flowing via Path 2 is infinitesimal, and hence the semipermeable 
membrane is effective in eliminating fluid flow in the gradient forming microchamber 
and allowing undisturbed concentration gradient therein.  
Next, we examine the various concentration gradients generated by our CGG 
devices. We first validate our CGG approach for generating flow-free concentration 
gradients with elementary gradient profiles, i.e. linear and parabola-like gradients. 
Next, we demonstrate the capability of our approach to use the elementary gradient 





complex shapes, using sawtooth- and bell-shaped profiles as examples. For each 
gradient profile, we first discuss the designs of the sample and buffer channels as well 
as the gradient forming microchamber, and then present results from the CGG devices, 
with each experimentally generated gradient profile compared with the corresponding 
design profile obtained from simulation. To facilitate the examination of the results, 
the fluorescent intensity in the channels and chambers is normalized based on the 
fluorescent intensity of the stock solution, while the position along the centerline of the 
gradient forming microchamber is normalized against the length of the microchamber 
centerline. 
 
3.4.1 Linear Concentration Profiles 
The first set of elementary gradient profiles we demonstrate are the linear 
concentration gradients. The CGG devices generating linear gradients consisted of 
straight sample and buffer channels and a gradient forming microchamber with 
orthogonal controlled boundaries. Three rectangular gradient forming microchambers 
each of which was 100 µm wide and  spanned distances of 500 µm, 100 µm, and 1500 
µm, respectively, between the sample and buffer channels. During CGG experiments, 
gradients generally stabilized within 1 hour, which is significantly faster compared to 
hydrogel-based approaches (10 hours) [84]. The fluorescent image was captured in 
Figure 3.5a after the gradients had stabilized, showing that linear gradients were 
established along the length of each gradient forming microchamber section. 
Fluorescence intensity profiles were extracted along the microchamber length and 





linear gradients were achieved with high linearity and accuracy, agreeing with 
simulation results within 2.4%, 2.7% and 3.9% for the 500-µm, 100-µm, and 1500-µm 
long microchambers, respectively (Figure 3.5 b-d). Additionally, once the gradients 
had stabilized, they did not show any tendency to diminish over time as observed in 
reservoir-based methods where sample and buffer were not replenished [85]. Indeed, 
fluctuations in the gradient profile over 12 hours were within 5%, demonstrating a high 
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Figure 3.4. Fluorescent image and intensities of the linear profiles. (a) fluorescent image. (b)-(d) 
intensity profiles inside the 500 µm, 1000 µm, and 1500 µm gradient forming microchambers, 
respectively. The yellow solid lines in the fluorescent image represent the boundaries of the sample and 
buffer channels in the top layer, and the white dashed lines represent the boundaries of the gradient 






3.4.2 Parabola-Like Concentration Profiles 
The other set of elementary profiles we chose to demonstrate are parabola-like 
gradient profiles. To generate a concave and a convex parabola-like profile, we 
designed devices with the sample and buffer channels and the gradient forming 
microchambers having geometries determined from simulation as shown in Figure 
3.2b and c, respectively. For both profiles, the shape of the buffer channel or the 
sample channel was modified, which defined the geometry of the controlled 
boundaries of the gradient forming microchambers. The controlled boundaries formed 
a trapezoidal shape on one end and a rectangular shape on the other end of the gradient 
forming microchamber. Note that the sample and buffer channels are complimentary 
for the concave and convex profiles. As determined by diffusion equation, along the 
symmetry axis (or “centerline”) inside the gradient forming microchamber, the 
generated gradient profile would have a larger curvature close to the trapezoidal 
controlled boundaries; whereas near the rectangular controlled boundaries, the gradient 
profile would approximate a straight line. The curvature transitioned smoothly along 
the gradient profile, whose shape resembled a parabola. For the concave profile, buffer 
flowed along the trapezoidal controlled boundaries on top of the gradient forming 
microchamber, and sample flowed along the rectangular controlled boundaries. The 
convex profile can be achieved by switching the buffer and sample supplies.  
Concentration gradients were generated along the gradient forming microchambers, 
including a 200-µm long rectangular section and a 400-µm long trapezoidal section. 
The width of the microchambers was 400 µm on the rectangular end and 120 µm on 





and convex parabola-like profiles, respectively. Intensity profiles were observed along 
the centerline of the gradient forming microchamber as marked by the red line. 
Experimentally obtained concentration gradients were compared with the simulated 
profiles in Figure 3.5c and d. Indeed, larger curvature was observed for the profile 
section on the trapezoidal end of the microchamber, whereas the profile section on the 
rectangular end of the microchamber was close to linear. For both concave and convex 
parabola-like profiles, excellent agreement can be observed between the experimental 
















































Figure 3.5. Fluorescent images and intensities of the concave and convex parabola-like profiles. 
Fluorescent images: (a) concave profile; (b) convex profile. Intensity profiles: (c) concave profile; (d) 
convex profile: The yellow solid lines in the fluorescent images represent the boundaries of the sample 
and buffer channels in the top layer, and the white dashed lines represent the boundaries of the gradient 
forming microchamber in the bottom layer. Intensity profiles are observed along the centerline (red) 






3.4.3 Sawtooth-Shaped Concentration Profiles 
Having demonstrated the generation of linear and parabola-like gradient profiles, 
we now construct complex gradient profiles with these elementary profiles as building 
blocks. We first created sawtooth-shaped profiles which contain three linear profiles 
with sharp slopes at the transitions between single linear profiles. Three pairs of 
straight sample and buffer channels were juxtaposed in parallel, which were all 
connected by a rectangular gradient forming microchamber in the perpendicular 
direction. The distance between the pairing sample and buffer channels was 400 µm, 
and adjacent pairs of channels were placed closely with a 100-µm gap to realize the 
sharp slope at the transitions. Here, we created two sawtooth-shaped profiles, one 
containing three identical linear sections, i.e. constant-peak sawtooth, and the other 
containing three linear sections with decreasing peak magnitudes, i.e. varying-peak 
sawtooth. For the constant-peak sawtooth profile, the same fluorescent stock solution 
was supplied in all three sample channels, whereas for the varying-peak sawtooth 
profile, the solutions supplied in the three sample channels were made to have 100%, 
60%, and 20% of the concentrations of the stock solution, respectively. Water was 
supplied in the three buffer channels. 
Both gradient profiles were generated as shown in the fluorescent images (Figure 
3.6a and b). Intensity profiles along the gradient forming microchamber were 
compared with simulation results in Figure 3.6c and d. The errors between the 
experimental and simulated profiles for the constant-peak and varying-peak sawtooth 
profiles agreed within 6.0% and 4.9%, respectively. For both the constant-peak and the 





between each pair of sample and buffer channels. The slope of each linear profile 
segment was determined by the distance between the sample and buffer channels. 
Sharp slopes were also achieved between the closely juxtaposed buffer and sample 
channels. The peaks and valleys of the sawtooth-shaped profiles were slightly blunted 
due to molecular diffusion in the channels. For the varying-peak sawtooth-shaped 
profile, the height of each peak was effectively controlled by the concentration of the 
sample solution flowing in each sample channel. Of the four intersections between the 
sample or buffer channels and the gradient forming microchamber, two were located at 
the ends of the microchamber and two in the middle. At the two end intersections, 
molecules could only diffuse in one direction in the microchamber; whereas at the two 
middle intersections, molecules were able to diffuse along both directions in the 
microchamber, which resulted in a slight decrease in the peaks and increase in the 
valleys at the middle intersections. This phenomenon becomes more prominent when 
the sample and buffer channels are placed too closely to each other because of the 
short molecular diffusion path. Thus, a trade-off exists between the sharpness of the 



















































Figure 3.6 Fluorescent images and intensities of the sawtooth-shaped profiles. Fluorescent images: (a) 
iso-peak profile; (b) varying-peak profile. Intensity profiles: (c) iso-peak profile; (d) varying-peak 
profile. The yellow solid lines in the fluorescent images represent the boundaries of the sample and 
buffer channels in the top layer, and the white dashed lines represent the boundaries of the gradient 
forming microchamber in the bottom layer.  
  
3.4.4 Bell-Shaped Concentration Profiles 
Finally, we demonstrate the generation of bell-shaped concentration profiles from 
elementary parabola-like profiles. The bell-shaped profile can be constructed by 
smoothly connecting four piecewise parabola-like constituent profiles: two mirrored 
convex profiles in the middle and two mirrored concave profiles on the sides. Sample 
and buffer channels are configured into proper trapezoidal shapes to generate each of 
the four parabola-like profile segments. The symmetric channel arrangement reflected 
the symmetry of the bell-shaped profile. Fluorescent stock solution was supplied in the 
sample channels in the middle, and water as pure buffer was supplied in the buffer 





The fluorescent image of the bell-shaped profile generated along the 2200-µm long 
gradient forming microchamber is shown in Figure 3.7a, with the intensity value along 
the centerline shown and compared with simulation in Figure 3.7b. A symmetric bell-
shaped gradient profile was generated with high accuracy, with an error within 1.5%. 
The shape of each of the four parabola-like profile segments resembles that achieved 
individually, without interference among each other. Meanwhile, smooth transitions 
were achieved between adjacent parabola-like profile segments. At both ends as well 
as the middle section of the bell-shaped profile, larger curvature was observed, and 
thus trapezoidal controlled boundaries and channel shapes were adopted. Whereas for 
the monotonically ascending and descending profile sections where the concentration 
gradient approximated linear, the linear channels that were present in the earlier cases 
of generating individual parabola-like profiles were no longer necessary. Instead, the 
linearity in these sections of the bell-shaped profile was achieved due to the linear 
shape of the gradient forming microchamber boundaries at corresponding locations, as 























Position in Gradient Forming Microchamber  
Figure 3.7. Fluorescent image and intensity of the bell-shaped profile. (a) fluorescent image. (b) 
intensity profile. The yellow solid lines in the fluorescent image represent the boundaries of the sample 





forming microchamber in the bottom layer. Intensity profiles are observed along the centerline (red) 
inside the gradient forming microchamber. 
 
3.5 Conclusion 
A class of novel microfluidic CGG devices generating temporally stable, flow-free 
concentration gradients with complex shapes has been presented. The elimination of 
fluid flow in the gradient generation region is achieved through the design of micro- 
channels and chambers in two layers and the incorporation of a semipermeable 
membrane between the layers. This device structure makes diffusion the only means of 
mass transport in the gradient generation region, i.e. the gradient forming 
microchamber, limiting fluid flow to the other side of the membrane. The temporal 
stability of the gradient profiles is ensured by the continuous replenishment of the 
sample and buffer and cross-membrane diffusion of sample molecules. Since only 
minimal flow rate is required for sample and buffer replenishment, sample 
consumption is largely reduced compared with those CGG methods based on diffusion 
between laminar streams.  
The steady-state concentration distribution in the gradient forming microchamber 
is governed by the two-dimensional diffusion equation. By varying the geometry of the 
sample and buffer channels and that of the gradient forming microchamber, 
concentration gradients with different shapes have been realized. Gradients with 






Devices have been designed through simulation and fabricated for different 
gradient profiles, and gradient generation experiments have been carried out. First, a 
set of the linear gradients and a pair of parabola-like gradient profiles have been 
achieved to validate our proposed CGG method. Then a pair of sawtooth-shaped 
profile and a bell-shaped profile have been designed through combining multiple linear 
or parabola-like profiles, and then successfully generated in the experiment. All the 
experimentally achieved gradient profiles agree with simulation results within 6%.  
The flow-free concentration gradients enabled by our devices will lead to better 
control over the microfluidic environment in current cell experiments. Our devices are 
especially advantageous when fluid flow is critically undesirable during gradient 
generation, such as experiments with cells that do not attach to surfaces, which has not 
been possible for other CGG devices involving laminar flow. Further work has been 
done to extend the capability of our novel flow-free concentration gradient generation 
scheme to realize virtually any user-specified concentration gradients with increased 





Chapter 4. Generation of Arbitrary Concentration 
Gradient Profiles in a Flow-Free Setting 
 
 
Based on the flow-free concentration gradient generation scheme presented in 
Chapter 3, this chapter extends the capability of the flow-free microfluidic 
concentration gradient generation (CGG) devices to realize virtually arbitrary user-
specified concentration profiles by incorporating the design of a gradient forming 
channel network. Intended for use in cell biology studies where fluid flow disturbances 
are to be avoided, our devices allow cells to be studied in a stationary fluid medium 
while chemical solution and buffer are constantly replenished to establish temporally 
stable gradients in an efficient manner. By exploiting a gradient forming channel 
network, concentration profiles of arbitrary shapes can be attained. We describe the 
device principle and model, and demonstrate design and experimentation for flow-free 
generation of stable gradients with different shapes specified by mathematical 
functions. The gradient forming channel network is characterized with different 
channel dimensions and configurations, and devices are created to generate complex 







Concentration gradients of biochemical molecules are frequently used in many cell 
biology studies involving cell culture and cell analysis [45, 76, 90, 101, 106-108]. 
Microfluidic devices are widely chosen as concentration gradient generation (CGG) 
platforms because of their capability to accurately control the micro-chemical 
environment and the low sample consumption. Existing microfluidic CGG devices can 
be generally classified into two categories according to whether fluid flow is present in 
the gradient generation region, i.e. flow-based devices and flow-free devices.  
In flow-based CGG devices, concentration gradients are created by the interplay 
between the diffusion of chemical molecules and the convection of carrier fluid in the 
gradient generation region, and thus the flow rate of the fluid critically determines 
shape of the generated gradient. For example, CGG devices based on molecular 
diffusion between multiple streams of laminar flow have been widely used. A simplest 
form of such devices is the T-sensor [77] which is based on partial mixing between 
two parallel laminar streams. More complicated partial mixing-based CGG devices 
have also been developed by modularly combining T-sensor and its variants [78-80]. 
In contrast, CGG devices based on complete mixing between multiple laminar streams 
generate gradients by splitting and recombining upstream microfluidic mixers [45, 74-
76]. While both partial- and complete-mixing-based CGG devices generate gradients 
perpendicular to the fluid flow, gradients can also be generated parallel to the flow, 
such as the longitudinal gradient generators by using transient dispersion along the 
flow [71], or by using a convective-diffusive balance in a counter-flow configuration 





evaporation-driven back flow [72, 73]. In spite of the utility of each flow-based CGG 
device, a common limitation exists that the fluid flow introduced in the gradient 
generation region subjects cells to undesirable flow disturbances and fails to retain 
molecules produced by cells that are essential for intercellular signaling. Additionally, 
for most flow-present CGG devices, the continuous fluid flow at relatively high rates 
causes high consumption of the molecules, and the disturbance in flow rate will 
directly affect the stability of the generated gradients.  
Alternatively, flow-free CGG devices have been designed such that cells are 
positioned in a concentration gradient established in a stationary fluid medium. 
Reservoir-based CGG devices connect huge reservoirs of sample and buffer with a 
gradient generation channel and use a semipermeable membrane to eliminate 
convection while allowing cross-membrane diffusion [85, 86]. However, the generated 
gradient will eventually diminish over time. Cross-channel-based CGG devices have 
been designed by connecting the parallel sample channel and buffer channel with a 
perpendicular gradient generation channel [90, 91]. However, occasional disturbance 
in the sample and/or buffer flow will cause a secondary flow in the gradient generation 
channel and hence distort the concentration profile. In addition, both membrane-based 
and cross-channel-based devices are limited to simple gradients. In comparison, 
hydrogel-based devices are capable of generating complex concentration profiles [83, 
84, 110]. Nonetheless, these devices suffer prolonged gradient establishing time.  
To address these issues, we present a class of novel CGG devices which feature the 
segregation of fluid flow from the gradient generation region and the capability of 





semipermeable membrane incorporated in our devices effectively limits fluid flow to 
the upper layer and creates a flow-free gradient generating environment in the lower 
layer. Cross-membrane sample diffusion and constant replenishment of sample (i.e., 
chemical stimulus molecules) and buffer establish a stable concentration gradient in 
the gradient generation region. In addition, we describe the design of gradient forming 
channel network, which substantially extend the capability of our CGG devices for 
arbitrary concentration profiles. Through parametric variation of the channel network 
configuration, concentration profiles can be effectively manipulated and accurately 
realized according to user specifications. Our devices are capable of investigating cell 
responses to chemical stimuli where avoidance of fluid flow is critical, enabling, for 
example, the examination of cells that are not strongly attached to the substrate surface. 
 
4.2 Principle and Design 
4.2.1 Generation of Flow-Free, Stable Gradients 
The devices consist of two layers of microchannels. The upper layer contains a 
sample channel and a buffer channel, and the lower layer contains a gradient forming 
channel network in which chemical gradient is established and maintained. A 
semipermeable membrane is sandwiched and sealed between the two layers. The 
gradient forming channel network is connected through the membrane pores to the 
sample and buffer channels, where sample molecules diffuse freely across the 

















(a) (b)  
Figure 4.1. Device structure. (a) Exploded view of the device: an upper PDMS layer containing sample 
and buffer channels, a lower layer containing a gradient forming channel network, and a semipermeable 
membrane sandwiched in between. (b) A sealed final device. Molecules can diffuse across the 
membrane at the overlapping portion of the sample or buffer channels and the gradient forming channel 
network.  
 
During operation, sample and buffer are supplied at a very low rate in their 
respective channels. Due to the concentration difference across the membrane, sample 
molecules will diffuse from the sample channel into the gradient forming channel 
network and then into the buffer channel via the pores of the semipermeable membrane. 
As sample and buffer are continuously replenished in the upper layer, constant 
concentrations are maintained at prescribed levels at the channel locations where the 
gradient forming channel network is connected to the sample and buffer channels. 
After a transition time, a concentration gradient will evolve and reach a steady state in 





ends connected to the sample channel and a lower concentration at those connected to 
the buffer channel.  
The small pore size of the semipermeable membrane results in a very large cross-
membrane flow resistance, which, in our design for example, is estimated to be three 
orders of magnitude higher than the flow resistance in the sample or buffer channels. 
Therefore, fluid flow is limited to the upper layer only, creating a flow-free setting in 
the gradient forming channel network. The large cross-membrane flow resistance also 
makes the gradient forming channel network unaffected by sudden flow disturbances 
from the sample and buffer channels. As sample molecules inside the gradient forming 
channel network are transported only through diffusion and not through convection, 
the generated concentration gradient will not be distorted by fluid flow once the 
gradient is established.  
 
4.2.2 Generation of Gradients with Arbitrary Shapes 
The shapes of the concentration gradients are controlled through the design of the 
gradient forming channel network, which consists of a horizontal “gradient generation 
channel” intersected by a series of equally-spaced “lateral channels” that connect the 
sample and buffer channels (Figure 4.2). In each lateral channel, a quasi-linear gradient 
will form along its length due to its rectangular shape. The gradient generation channel 
that intersects the lateral channels effectively samples the concentration in each lateral 
channel at the intersection. When offsetting each lateral channel by a distance along its 
length direction, the gradient generation channel will sample different concentrations 





will form along the gradient generation channel in which cells are cultured and 
observed. Based on this principle, virtually any concentration profile can be generated 
with shapes conveniently determined by the offset distance of each lateral channel. 
Here, we propose two models aiming at determining the offset distance of the lateral 
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Figure 4.2. Gradient forming channel network design, consisting of a set of parallel lateral channels and 
a gradient generation channel, exemplified by a design for parabolic profile. Top: Top-view schematic 
of the device layout. Bottom left: 3-D view of a section of the channel structure inside the dashed box in 
the top image. Bottom right: Concentration profile along the centerline (yellow) of the gradient 
generation channel. 
 
Iterative Simulation. We now determine the offset distance for each lateral 





concentration gradient along the gradient generation channel. We assume that for the 
gradient forming channel network, channel height and width are significantly smaller 
than channel length. Hence, the steady-state concentration distribution within the 
gradient forming channel network is reduced to a pseudo two-dimensional steady-state 
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0 (inside the gradient generation channel)
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   (4.1) 
where c is the local concentration, and x and y indicate the positions inside the 
gradient forming channel network. The associated boundary conditions are c=1 and 
c=0 at the two ends of the lateral channels that connect sample and buffer, respectively. 
Solving Equations (4.1) gives the concentration distribution within the entire gradient 
forming channel network. The offset of each lateral channel is determined such that the 
concentration gradient achieved in the gradient generation channel best matches the 
specification. This boundary value problem can be solved through iterative simulation. 
Given the desired concentration gradient profile along the gradient generation channel, 
a set of offset distance values for each lateral channel is initially presumed, with which 
Equations (4.1) are solved, and the concentration profile along the gradient generation 
channel is obtained and compared to the specified concentration profile. The offset 
distance values are then modified and substituted into Equations (4.1) again to obtain a 
new concentration profile along the gradient generation channel, which in general 





discrepancy between the concentration profile obtained from simulation and that from 
specification is small enough. 
Diffusive Resistor Network. Alternatively, the offset distances of the lateral 
channels can be determined in a more efficient way without having to use simulation, 
and hence the iterative channel geometry modification and calculation process can be 
avoided. The entire gradient forming channel network, including the gradient 
generation channel and the series of lateral channels, can be modeled as a diffusive 
resistor network (Figure 4.3), which is analogous to an electrical resistor network, with 
the concentration values at the intersections in the diffusive resistor network analogous 
to the node voltages in the electrical circuit network. The concentration at the 
intersection of the gradient generation channel and the i-th lateral channel (referred to 
as “Node i”) is denoted as Ci, and the concentrations of the sample and buffer are Cs=1 
and Cb=0, respectively. The total length of each lateral channel is L, corresponding to a 
diffusive resistance R. A total of n lateral channels with equal spacing intersect with 
the gradient generation channel. For the i-th lateral channel, the length of the channel 
section above Node i is denoted as Li, corresponding to a diffusive resistance Ri. The 
spacing between two adjacent lateral channels is d, and the diffusive resistance of the 
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Figure 4.3. Diffusive resistor network model for the gradient forming channel network.  
 
We examine the mass flux at Node i (1<i<n). The mass flux from one point to 
another is CI
R
 , where ΔC and R are respectively the concentration difference and 
diffusive resistance between the two points. Assuming the direction of molecular 
diffusion is from left to right and from the sample channel to the buffer channel, then 









  (mass flux from the sample channel to Node i). Similarly, the mass flux out of 









  (mass flux 
from Node i to the buffer channel). Due to mass conservation at Node i, the mass flux 
into and out of Node i should equal, and hence 
1i i s i i i i
d i d
C C C C C C C C1 b
iR R R R





Here, the diffusive resistance of each channel section is determined by the 
geometry of the channel section. As the channel width and height, which remain 
constants for all sections in the gradient forming channel network, are significantly 
smaller than the channel length, the problem can be largely deemed as one dimensional, 
and thus the diffusive resistance of a channel section is directly proportional to the 
length of that channel section, and hence 
1i i s i i i i
i i
C C C C C C C C
d L d L
       
1 b
L
   (4.3) 
Solving Equation (4.3) gives  
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Similarly, for the two lateral channels on the ends (i=1 and i=n) we obtain 
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      (4.6b) 
Finally, we obtain the lengthwise offset distance for each lateral channel Δyi=Li-L, 
with Δyi=0 when Ci=0 and Δyi=-L when Ci=1. Since it is essentially a reverse problem 
to obtain the offset distances of the lateral channels from a specified concentration 
gradient, the diffusive resistor network method is more direct and hence more efficient 







For given concentration gradients, gradient forming channel networks are designed 
as discussed above. Both the upper and lower layers of the devices are fabricated in 
poly(dimethylsiloxane) (PDMS) using soft lithography, forming 100-µm-thick 
channels. A 10-µm-thick semipermeable polycarbonate (PCTE) membrane (pore 
diameter 0.4 µm) is bonded between the two layers using PDMS as adhesive [109]. 
Briefly, the two PDMS sheets are first stamped against a glass slide with a 0.5-µm 
layer of pre-cured PDMS diluted in toluene. Next, a piece of PCTE semipermeable 
membrane is applied on the stamped side of one of the PDMS sheets, which is then 
aligned and brought in contact with the stamped side of the other PDMS sheet. The 
PDMS-membrane assembly is put on a hotplate so that the pre-cured PDMS between 
the layers cross-links and solidifies to form a sealed device. A fabricated device is 
shown in Figure 4.4.  
 
 
Figure 4.4. A fabricated device for generating a parabolic concentration profile. Channels are filled with 






Before experiments, devices are prefilled with water to expel air inside the channel. 
During operation, sample and buffer are introduced to their respective channels at 0.1 
µL/min with a syringe pump to keep steady supply to the gradient forming channel 
network. We use Alexa 488 fluorescent solution and water as the model sample and 
buffer, respectively. Different profiles of concentration gradients are observed under an 
inverted epi-fluorescent microscope. Fluorescent images are recorded by a CCD 
camera. Fluorescent intensity profiles, representing concentration profiles, are 
extracted along the gradient generation channel and analyzed using ImageJ.  
 
4.4 Results and Discussion 
We first characterize the devices by varying different geometric parameters of the 
gradient forming channel network to generate the same test concentration gradient, i.e. 
parabolic profile, aiming at examining the effect of different geometric parameters on 
device performance. Then, we demonstrate the capability of the device by realizing 
specified concentration gradients with more complex shapes, including sinusoidal and 
poly-line profiles.  
The shapes for all concentration gradients are represented in closed-form 
mathematical functions. For convenience of data presentation, all fluorescent intensity 
values are normalized against that of the stock solution, and distances along the 
gradient generation channel are normalized against the total length of the gradient 
generation channel. The normalized concentration and horizontal position are 






4.4.1 Parabolic Profile 
First, for device characterization, we use a parabolic concentration gradient as a 
test gradient, which is one of the simplest nonlinear shapes. The shape of the 
concentration gradient is given by 2c x . We construct three device designs varying 
the total number, spacing and length of the lateral channels as listed in Table 4.1. In all 
designs, the lateral channels and the gradient generation channel are 50 µm wide, and 
the gradient generation channels are 2 mm long. Using Equations (4.4), (4.4a) and 
(4.4b), the offset distances for the lateral channels in each design are calculated and 




Table 4.1. Number, spacing and length of the lateral channels of gradient forming channel network in 
the three device designs for the parabolic concentration gradient. 
 Design 1 Design 2 Design 3 
Number of Lateral Channels 11 17 17 
Spacing of Lateral Channels (µm) 200 125 125 
Length of Lateral Channels (µm) 500 500 1000 
 
Table 4.2. Offset distances of the lateral channels in each design.  
Offset Distance (µm) Lateral 
Channel # Design 1 Design 2 Design 3 





2 -4.8 -1.9 -3.7 
3 -19.1 -7.6 -14.7 
4 -43.0 -17.1 -33.2 
5 -76.8 -30.4 -59.0 
6 -120.4 -47.5 -92.4 
7 -174.3 -68.5 -133.4 
8 -238.8 -93.3 -182.1 
9 -314.2 -122.1 -238.6 
10 -401.0 -154.9 -303.2 
11 -500 -191.6 -376.0 
12  -232.4 -457.1 
13  -277.4 -547.0 
14  -326.5 -645.9 
15  -380.0 -754.0 
16  -437.8 -871.9 
17  -500 -1000 
 
The layout of the gradient forming channel network (green) as well as the sample 
(red) and buffer (blue) channels for Designs 1 through 3 is shown in Figure 4.5a, d and 
g. We note that the gradient generation channel is essentially sampling concentrations 
of the buffer or sample at the two ends, respectively, therefore the two end lateral 
channels are reduced to chambers overlapping with the buffer or sample channels. 





three designs are shown in Figure 4.5b, e and h. Intensity profiles corresponding to the 
concentration gradients are extracted along the gradient generation channels and 
compared with the theoretical gradient in Figure 4.5c, f and i.  
We first compare Design 1 and Design 2, which have the same lateral channel 
length, but different lateral channel spacing. Gradients in both designs stabilize within 
1 hour, which is significantly faster compared to most existing approaches (e.g., 10 
hours for the hydrogel approach [84]). As shown in Figure 4.5c and f, the discrepancy 
between the theoretical and experimental gradients is reduced by the use of smaller 
lateral channel spacing (e.g., 5.7% for Design 2) as compared with larger lateral 
channel spacing (e.g., 12.9% for Design 1). Intuitively, as the gradient generation 
channel is essentially sampling the concentrations at the intersections with the lateral 
channels, smaller lateral channel spacing, or higher lateral channel density means more 
sampling points per unit length along the gradient generation channel, and hence 
results in higher accuracy of the generated gradient.  
We then compare Design 2 and Design 3, which have the same lateral channel 
spacing, but differ in lateral channel length. Gradient takes longer to establish in 
Design 3 because the larger lateral channel length in Design 3 means larger diffusion 
length and hence longer diffusion time. The accuracies of the generated gradients are 
not significantly different in the two designs, with the errors of 5.7% and 7.6% for 
Design 2 and Design 3, respectively (Figure 4.5f and i). However, longer lateral 
channels in Design 3 cause only 5% channel-widthwise concentration variation in the 
gradient generation channel, compared with ~10% with shorter lateral channels in 





concentration gradient along the lateral channels, which leads to smaller concentration 
difference along the width of the gradient generation channel, giving better widthwise 
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Figure 4.5. Channel layout designs, fluorescent images and intensity from the parabolic profiles. Design 
1: (a)-(c). (a) channel layout design: lateral channel length=500µm, spacing=200µm. (b) fluorescent 
image. (c) intensity profile. Design 2: (d)-(f). (d) channel layout design: lateral channel length=500µm, 
spacing=125µm. (e) fluorescent image. (f) intensity profile. Design 3: (g)-(i). (g) channel layout design: 
lateral channel length=1000µm, spacing=125µm. (e) fluorescent image. (f) intensity profile.  For the 
channel layout designs, red: sample channel, blue: buffer channel, green: gradient forming channel 
network. Intensity profiles are extracted along the gradient generation channel. 
 
4.4.2 Sinusoidal Profile 
Next, to demonstrate the capability of the device in generating concentration 
profiles of more complex shapes, we design a gradient forming channel network for a 
sinusoidal gradient specified by 0.8sin( )c x . Again, all channels in the gradient 
forming channel network are 50 µm wide, and the gradient generation channels are 2 





The offset distances for the lateral channels are calculated and determined as listed in 
Table 4.3. 
 









1 0 10 -401.8 
2 -79.6 11 -379.9 
3 -158.2 12 -343.6 
4 -230.7 13 -293.4 
5 -293.4 14 -230.7 
6 -343.6 15 -158.2 
7 -379.9 16 -79.6 
8 -401.8 17 0 
9 -409.1   
 
The channel design (Figure 4.6a) adopts a symmetric configuration, which is 
determined by the shape of the concentration profile. Experimentally obtained 
concentration gradient (Figure 4.6b) is compared with theoretical gradient in Figure 
4.6c. The experimental result is found to agree with theory within 6.3% overall, 
demonstrating the capability of the device in generating concentration gradients 
specified by more complex mathematical functions. Now we attempt to analyze the 





experimentally obtained concentration profile is slightly higher than the theoretical 
profile. This is probably because the fluorescent intensity in the center portion of the 
gradient generation channel is affected by the high intensity in the sample channel due 
to its proximity to the sample channel. As for the right portion of the profile, since the 
sample and buffer are flowing from the left to the right side of the image, the right 
portion of the profile corresponds to the portion of gradient generation channel 
between the downstream sample and buffer channels. Due to the asymmetry between 
sample and buffer channels, the difference in pressure drop between the sample and 
buffer channels may have built up at the downstream to cause a small pressure 
difference at the two ends of each downstream lateral channel, and hence leading to 


























Figure 4.6. Channel layout design, fluorescent image and intensity of the sinusoidal profile. (a) channel 
layout design. (red: sample channel, blue: buffer channel, green: gradient forming channel network.) (b) 





4.4.3 Poly-line Profile 
Finally, we demonstrate the generation of a poly-line concentration profile that 
represents a class of profiles whose shapes are constructed by smoothly connecting a 
number of specified points. The poly-line passes the following specified points: 
( x , c )=(0, 0), (0.25, 0.5), (0.5, 0.25), (0.75, 0.75) and (1, 0), with its shape defined by 
2 2 2
2 2 2 2
0.5 0.25 0.75
( 0.25) ( 0.5) ( 0.75)
1 1 1 1 1
( 0.25) ( 0.5) ( 0.75) ( 1)
x x xc
x x x x x
   
       2
. The width of all channels in 
the gradient forming channel network remain to be 50 µm wide, and the gradient 
generation channels is 2 mm long as in the previous cases. Again, we use the lateral 
channels that are 500 µm long with 125 µm spacing. The offset distances for the lateral 
channels are calculated and determined as listed in Table 4.4. 
 









1 0 10 -108.5 
2 -19.0 11 -217.0 
3 -132.8 12 -377.9 
4 -286.3 13 -421.7 
5 -296.2 14 -392.7 
6 -256.3 15 -183.1 





8 -122.7 17 0 
9 -99.0   
 
The channel geometry design is shown in Figure 4.7a. Fluorescent image from the 
concentration gradient generation experiment is shown in Figure 4.7b, and the intensity 
profile along the gradient generation channel is compared with theoretical 
concentration profile in Figure 4.7c. This experimental result also achieved good 
agreement with the theoretical profile, with an error of 7.2%. To ensure that the 
generated concentration profile closely matches the specification, lateral channels must 
be present at such critical locations as those specified points, which specifically in this 
case are x =0, 0.25, 0.5, 0.75, and 1. Additionally, increasing the number of the lateral 
channels between these critical locations will increase the accuracy of the realized 
concentration profile. Also, note that the spacing between the lateral channels need not 
be equal. The lateral channels can be arranged more densely at the locations where the 
concentration profile takes more complex shapes. Again, a slightly larger discrepancy 
between the experimental and theoretical concentration profiles was observed at 






























Figure 4.7. Channel layout design, fluorescent image and intensity of the poly-line profile. (a) channel 
layout design. (red: sample channel, blue: buffer channel, green: gradient forming channel network.) (b) 
fluorescent image. (c) intensity profile along the gradient generation channel.  
 
4.5 Conclusion 
A class of novel microfluidic concentration gradient generation devices have been 
presented that are capable of generating virtually arbitrary concentration gradient 
profiles in a flow-free setting. The flow-free environment is created by a two-layer 
device design and a semipermeable membrane, which segregates the gradient forming 
channel network in the lower layer from the fluid flow in the sample and buffer 
channels in the upper layer. In the mean time, constant sample and buffer supply and 
cross-membrane molecular diffusion maintain a stable concentration gradient in the 





through the design of a gradient forming channel network, which consists of a gradient 
generation channel intersected by a series of lateral channels. Through offsetting the 
lateral channels by distances determined from calculation, concentration gradients of 
arbitrary shapes can be conveniently attained along the gradient generation channel. 
The designed devices have been characterized. Reducing lateral channel spacing 
have been found to increase the accuracy of the generated concentration gradient, and 
increasing lateral channel length have shown to result in better channel-widthwise 
concentration uniformity in the gradient generation channel while causing longer 
gradient establishment time. Next, devices have been designed to generate complex 
concentration gradients specified by mathematical functions. The gradients have been 
generated with high accuracy. The location of and the spacing between the lateral 
channels both have critical effect on the accuracy of the generated concentration 
profiles. 
Using the same design methodology, it is expected that complex gradients, 
including those that are not representable by closed-form mathematical functions can 
be realized with our device, as long as the desired concentration profile is prescribed 
along the gradient generation channel. Thus, our device will be very useful for cell 
culture and analysis that require elimination of fluid flow and arbitrarily complex 
concentration gradient profiles. So far, we have completed extensive study and 
development of concentration gradient generators, which accounts for tools for the 
investigation of cell responses. The next chapter of the thesis will switch gear to the 











Chapter 5. A microfluidic device for continuous-flow, 




This last technical chapter discusses a novel microfluidic device that exploits 
magnetic manipulation for integrated capture and isolation of microparticles in 
continuous flow. The device, fabricated from poly(dimethylsiloxane) (PDMS) by soft 
lithography techniques, consists of an incubator and a separator integrated on a single 
chip. The incubator is based on a novel scheme termed target acquisition by repetitive 
traversal (TART), in which surface-functionalized magnetic beads repetitively traverse 
a sample to seek out and capture target particles. This is accomplished by a judicious 
combination of a serpentine microchannel geometry and a time-invariant magnetic 
field. Subsequently in the separator, the captured target particles are isolated from non-
target particles via magnetically driven fractionation in the same magnetic field. 
Thanks to the TART incubation scheme that uses a corner-free serpentine channel, the 
device has no dead volume and allows minimization of undesired particle or magnetic-
bead retention. Single-chip integration of the TART incubator with the magnetic-
fractionation separator further allows automated, continuous isolation and retrieval of 
specific microparticles in an integrated manner that is free of manual, off-chip sample 





characterize the individual incubation and separation components, as well as the 
integrated device. The device is found to allow 90% of target particles in a sample to 
be captured and isolated, and 99% of non-target particles eliminated. With this high 
separation efficiency, along with excellent reliability and flexibility, the device is well 
suited to sorting, purification, enrichment, and detection of micro/nanoparticles and 
cells in lab-on-a-chip systems. 
 
5.1 Introduction 
Microfluidic particle separation involves the capture, isolation and collection of 
target particles from impure or complex samples, and is widely used in sorting, 
purification, enrichment and detection of cells [14, 20, 111, 112] in cell biology, drug 
discovery, and clinical diagnostics. A number of methods currently exist for particle 
separation on microfluidic platforms, such as size-based separation [15-19], acoustic 
separation [21], dielectrophoresis [23, 113], fluorescence-activated [27, 28] and 
magnetic-activated separation [24, 25]. Among these, methods based on magnetic 
control are particularly attractive, which utilize surface-functionalized magnetic beads 
to capture target particles through specific binding, and then to separate the target 
particles by magnetic manipulation. This separation scheme relies on the interaction of 
chemical bonds rather than geometrical or physical properties of the particles, and 
hence allows highly specific and selective particle separation.   
There are in general two operating modes for magnetically based microfluidic 
particle separation: batch mode and continuous flow mode. In the batch mode, target-





following the removal of non-target particles with a liquid phase. Magnetic bead beds 
[114] and sifts [115] have for example been developed for this purpose, but have 
limited separation efficiency. A number of devices attempted to address this issue with 
various magnet designs, including a quadruple electromagnet [116], a planar 
electromagnet [117], or nickel posts [118] etc.. In addition, planar electromagnets can 
be integrated on chip with microvalves and micropumps to enable fully automated 
functionalities such as fluid actuation and particle mixing [24]. Unfortunately, batch-
mode designs suffer from several inherent limitations including prolonged durations of 
operation, complicated fluidic handling, and most importantly, significant 
contamination due to non-specific trapping of impurities that are sequestered in the 
beads [119].   
These limitations are effectively mitigated by continuous-flow magnetic particle 
separation, which typically employs magnetic fractionation, i.e., continuous 
accumulative deflection of magnetic beads. This method can be classified into two 
categories according to whether an integrated magnet or off-chip magnet is used. In the 
first category, magnetic microstrips, of typically alloy or ferromagnetic materials, are 
deposited on the device substrate to generate a magnetic field gradient that separates 
magnetic beads [120-122]. Substantial effort is required to design and fabricate on-chip 
magnetic strips as well as fluidic components to ensure balanced hydrodynamic and 
magnetic forces. Alternatively in the second category, the use of a simple external 
magnetic setup in conjunction with on-chip separation enables great flexibility in 
device design and strong magnetic manipulation [25, 123]. Despite these notable 





incubation of target particles with magnetic beads, which is required to ensure 
sufficient bead-particle interaction and binding before on-chip separation. This is time-
consuming, labor-intensive, and prone to contamination, and in the case of cell 
separation could potentially compromise the viability of target cells. Integration of an 
on-chip incubation module, in which target cells are captured by magnetic beads prior 
to separation, would effectively address this issue and is highly desired. 
A suitable on-chip incubation technique is key to the on-chip incubation module. 
Due to low-Reynolds flow and molecular diffusion-dominated transport mechanism 
inside the micron-sized channels, a variety of passive and active approaches have been 
investigated to enhance mixing in the incubation process [124-127]. Passive 
micromixers typically rely on diffusion or chaotic advection [128-130] and are 
inadequate for particle/bead incubation or prone to undesired bead retention/trapping at 
corner features. On the other hand, active mixers utilize flow agitation arising from an 
external field (e.g., an acoustic [131] or electro-hydrodynamic [132, 133] field) to 
enhance mixing, and typically require rather complicated fabrication and operation 
procedures.  
This chapter presents an integrated microfluidic device for automated, continuous-
flow, magnetically controlled capture and isolation of target particles. A major 
innovation of the device lies in the use of a novel incubator that differs from traditional 
approaches requiring bulk fluid mixing, and the integration of this incubator with a 
magnetic-fractionation based separator on a single chip. The incubator is based on the 
scheme of target acquisition by repetitive traversal (TART), in which surface-





traversing the sample. This is accomplished by a judicious combination of a serpentine 
microchannel geometry and a time-invariant magnetic field. Using a simple corner-free 
serpentine-channel design without requiring bulk fluid mixing, the TART incubator 
has zero dead volume, and minimizes undesired particle or magnetic-bead retention. 
With a planar design, the integrated device can be fabricated with a straightforward 
one-mask soft lithography process, and allows for fully automated operation with 
excellent separation efficiency and reliability. Thus, the device can be potentially of 
great utility for isolation and analysis of micro/nanoparticles and cells in lab-on-a-chip 
systems. 
 
5.2 Principle and Design 
In this section, we first elucidate the principle of the magnetically controlled 
capture and separation, and then describe the device design and operating procedure.  
The sample presented to the microfluidic device is a mixture of target 
microparticles, whose surfaces are functionalized with a biomolecule (or a ligand), and 
non-target particles. These particles are a model of target and non-target cells in a 
biological sample. In our approach, target particles are selectively isolated in a two-
stage process. In the first, incubation stage, the sample is incubated with magnetic 
beads allowing target particles to be captured by specific ligand-receptor binding. That 
is, magnetic microbeads, whose surfaces are immobilized with a receptor molecule that 
specifically recognizes the ligand on the target particles, are introduced into the sample 
stream for binding under a magnetic field. Binding between the receptor and ligand 





particles are captured by the magnetic beads. Next, in the second, separation stage, the 
complexes of target particles and magnetic beads are separated from non-target 
particles by magnetic fractionation under the same magnetic field as used for 
incubation, resulting in the isolation of target particles. For purposes of proof of 
concept, we use biotin as a ligand on the target particles, and streptavidin as a receptor 
on the magnetic beads. As such, our method can be readily extended to manipulation 
of biological samples. For example, target cells can be captured and isolated using 
magnetic beads functionalized with receptor molecules specifically recognizing 
membrane proteins on the cells. 
According to these two stages, the microfluidic device (Figure 5.1) consists of two 
major components integrated on a single chip: an incubator in which the sample and 
magnetic beads are incubated for capture of target particles, and a separator in which 
captured target particles are isolated from non-target particles. While the separator is 
based on well-established magnetic fractionation principles, the incubator exploits a 
novel scheme termed target acquisition by repetitive traversal (TART), in which 
magnetic beads seek out and capture target particles by repetitive traversal through the 
sample by a judicious combination of geometry and magnetic force. The TART 
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Figure 5.1. Schematic design of the microfluidic device for continuous-flow, magnetically controlled 
capture and separation of microparticles. The device consists of an incubator that employs target 
acquisition by repetitive traversal (TART) of magnetic beads, and a separator that uses magnetic 
fractionation. The incubation and separator are serially connected and placed next to a bar-shaped 
permanent magnet. Particle distributions are analyzed in the observation regions at the Y-junction, the 
end of the incubator, and the end of the separator. These regions are each divided into 10 lanes to 
facilitate the analysis.  
 
TART Incubator. In the TART incubation scheme, a sample and magnetic bead 
suspension flow side by side in a two-stream configuration in a serpentine-shaped 





target particles. As shown in Figure 5.1, the sample and magnetic bead suspension are 
introduced through their respective inlets, merge at a Y-junction, and then enter the 
incubation channel, which is a serpentine microchannel consisting of a series of 
parallel, straight channel sections connected by U-shaped turns, and placed next to a 
bar-shaped permanent magnet. Low Reynolds number conditions allow the sample and 
magnetic bead suspension to flow side by side as two laminar streams throughout the 
incubation channel. In the absence of a magnetic field, target and non-target particles 
as well as magnetic beads would also remain in their respective fluid streams with 
negligible lateral diffusion due to their relatively large sizes. With the lateral magnetic 
field generated by the permanent magnet in the straight channel sections, magnetic 
beads are pulled toward the magnet (i.e., to the left in Figure 5.1). Thus, the beads, 
initially located in the right-side stream in the leftmost straight section of the 
incubation channel, deflect to the left and cross the flow streamlines. Immediately after 
passing the first U-turn, the magnetic beads follow the streamlines and emerge again 
on the right side when entering the next straight channel section. In the subsequent 
sections downstream, this process is repeated with the beads alternately shuttled 
between the left and right. This repetitive lateral traversal of magnetic beads in the 
sample stream allows the beads to effectively seek out and capture target particles. The 
use of a serpentine channel free of dead volume allows minimization of undesired 
particle or bead retention during incubation. 
The magnetic pulling force experienced by magnetic beads in general varies with 
the distance of the straight channel sections from the permanent magnet. To address 





incubation channel sections, the incubator design employs straight channel sections 
whose widths are proportional to their distance from the permanent magnet. Given 
flow continuity, such a design allows reduced flow speeds and longer residence times 
in the channel sections at farther distances from the magnet to compensate for the 
weakened magnetic force therein. This effectively minimizes undesired particle 
retention in the upstream channel sections (which are relatively close to the magnet) 
and ensures adequate bead deflection in the downstream sections (which are relatively 
far away from the magnet).  
Magnetic-Fractionation Separator. The bead-captured target particles emerge 
from the TART incubator and enter the separator, where they are isolated from the 
non-target particles by magnetic fractionation (Figure 5.1). The separator includes an 
additional inlet (termed the buffer inlet), which merges with the separator entrance to 
form a wide straight channel section. A stream of pure buffer (free of particles and 
beads) is introduced into the buffer inlet and combines with the mixture of bead-
captured target particles and non-target particles that has just exited the incubator. Note 
that the mixture may also include a small number of uncaptured target particles or 
unused magnetic beads; however, they do not interfere with the separation process and 
hence will be ignored in the following discussion. The buffer and mixture will form 
two side-by-side laminar streams in the separator channel. As they move downstream, 
the bead-bound target particles are driven towards the magnet, crossing the buffer 
stream and becoming separated from the non-target particles that remain in the sample 
stream. Thus, two outlets at the end of the collection channels following the separator 





target particles and non-target particles, respectively. As the flow rate of the sample at 
the separator entrance is considerably less than that of the buffer at the buffer inlet, the 
non-target particles that remain in the sample stream will be constrained within a very 
thin layer near the right side wall of the separator channel, and will completely exit via 
the waste outlet. Therefore, the bead-captured targets collected at the target outlet will 
be pure, i.e., free of non-target particles. This effectively addresses the limited degree 
of purification in most batch-mode magnetic separation processes due to the false 
trapping of non-target particles. Also, the flow rates for the buffer and mixture streams 
are judiciously selected to produce adequate hydrodynamic driving force and prevent 
magnetic beads from adhering to the channel walls.  
 
5.3 Materials and Methods 
The device consists of a sheet of poly(dimethylsiloxane) (PDMS) bonded to a glass 
slide. The microfluidic features were fabricated in the PDMS sheet using soft 
lithography techniques. Briefly, the fabrication process began with spin-coating and 
patterning of a 30-µm layer of SU-8 2025 photoresist (MicroChem, MA) on a silicon 
wafer, which upon curing at 95 oC for 5 min on a hotplate formed a master defining 
the negative of the desired microfluidic features. Next, a PDMS prepolymer (Sylgard 
184, Dow Corning, MI) was cast against the master and cured at 70 oC for 35 min, also 
on the hotplate. The resulting PDMS sheet was then peeled off from the master, cut 
into suitably sized pieces, and punched with inlet and outlet holes. The PDMS was 
bonded to a glass slide after a 10-min treatment in a UV ozone cleaner (Model 





in the PDMS to establish micro-to-macro fluidic interconnects. An image of a 
fabricated device is shown in Figure 5.2a, with ink solution filled in the channel to aid 
visualization. The dimensions of the TART incubator and separator are shown in 
Figure 5.2b and c, respectively. 
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Figure 5.2. (a) A fabricated device (visualized with an ink solution). (b) Critical channel dimensions (in 
μm) of the TART incubator. (c) Critical channel dimensions (in μm) of the separator.  (The channel 
depth is 30 μm for both the incubator and separator.) 
 
Materials used in the experiments included 5% bovine serum albumin (BSA) 
(Sigma-Aldrich, MO), 2.8 µm streptavidin-coated magnetic beads, 0.4 µm biotin-
coated green fluorescent polystyrene particles (as target particles), and 0.4 µm 
uncoated red fluorescent polystyrene particles (as non-target particle) (all from 





the needs for reducing sedimentation and ensuring sufficient magnetically driven 
migration mobility of the beads. The size of polystyrene particles represented those of 
various bacterial cells. Three samples were used in the experiments: a) a suspension of 
streptavidin-coated magnetic beads (0.5% w/v) supplemented with BSA; b)  a mixture 
of biotin-coated particles (0.1% w/v) and uncoated particles (0.1% w/v) in suspension, 
supplemented with BSA (target vs. non-target ratio: 1:1); and c) a mixture of biotin-
coated particles (0.05% w/v) and uncoated particles (0.5% w/v) in suspension, 
supplemented with BSA (target vs. non-target ratio: 1:10). DI water was used as 
running buffer supplied to the separator. Before the experiments, the microfluidic 
channels were incubated with 2% BSA solution for 2 hours to block nonspecific 
adsorption, and then flushed with DI water. Samples and buffer were driven into 
appropriate inlets of the device using syringe pumps (KD210P, KD Scientific, MA, 
and NE-1000, New Era Pump Systems, NY). A 50 mm long bar-shaped Neodymium 
permanent magnet (McMaster-Carr, IL) was placed alongside the device. Bright field 
images of magnetic beads as well as fluorescent images of target and non-target 
fluorescent particles were taken using an inverted epi-fluorescent microscope (Diaphot 
300, Nikon Instruments, NY), and recorded by a CCD camera (Model 190CU, 
Micrometrics, NH). Images were analyzed and quantitative data were extracted using 
ImageJ (available free online at http://rsb.info.nih.gov/ij/). The concentration of 
magnetic beads and those of target and non-target particles were determined by 
analyzing the intensity of bright field or fluorescent images as appropriate in three 
rectangular regions located at the Y-junction, the end of the incubator, and the end of 





of equal width to the channel and length 1 mm along the channel. The regions were 
each further divided into 10 lanes of equal width to facilitate the calculation of 
magnetic bead and particle distributions across the channel.  
5.4 Results and Discussion 
In this section, we first characterize the TART incubator and magnetic-
fractionation separator individually at the component level by examining and 
comparing particle distributions across the channels at their exits. Then the behavior of 
the integrated device is investigated at multiple locations to demonstrate its capability 
of capture and isolation of target particles.  
 
5.4.1 Incubator Characterization 
We examined the efficiency of the TART scheme in the incubator. A permanent 
magnet bar was placed to the immediate left of the device (Figure 5.1). Magnetic beads 
were injected from the bead inlet, and a suspension of target and non-target particles at 
1:1 ratio was injected from the sample inlet, both at a flow rate of 0.5 µL/min, 
corresponding to an average velocity that varied from 5.6 to 2.8 mm/s along the 
incubator channel (Figure 5.2b). This flow rate was chosen as a trade-off between the 
needs to reduce the retention of magnetic beads on the channel wall and ensure 
sufficient traversal time of magnetic beads in the sample.  
Figure 5.3 is a snapshot image of the trajectories of magnetic beads within the 
TART incubator. It clearly shows that after passing each turn, magnetic beads laterally 





This repetitive traversal of the sample by magnetic beads in the incubation channel 
markedly improves the contact probability and facilitates binding between the beads 
and the particles. Although a moderate number of magnetic beads could be retained at 
the turns during operation, the bead inflow and outflow at the turns will eventually 
reach equilibrium and the number of beads retained remains insufficient to cause 
channel clogging. Also, we observed in the experiments that the retained beads can be 
easily flushed away by increasing the flow rate and/or reducing the magnetic force at 




















Figure 5.3. Micrograph image of magnetic microbeads migrating in the TART incubator.  
 
The following analysis and experimental observation can be used to further assess 
the essential role of the TART scheme in enhancing target particle capture during 
incubation. First, there is a lack of lateral diffusion of sample particles and magnetic 
beads. As they traverse the entire length of the incubator channel at the chosen flow 
rate above, the characteristic lateral diffusion distance is estimated to be about 9 µm 





channel width (100–200 µm), these diffusion distances are clearly inadequate for the 
effective interaction of the target particles and magnetic beads. Second, interactions of 
target particles and magnetic beads caused by the secondary flow in the turns of the 
incubator channel are negligible, as indicated by a very small Dean number, which is 
in the range of 0.06 to 0.12 when calculated using typical geometric and material 
properties. Due to the insignificance of diffusion and secondary flow, an active means 
of promoting the interaction of target particles and magnetic beads is necessary, and is 
offered by the TART scheme.  
In addition, we experimentally demonstrate the necessity of the TART scheme by 
comparing the distributions of target particles in the incubator with and without using 
the TART scheme. To facilitate this comparison, the observation was made at a 
position immediately preceding the last turn of the incubator (Figure 5.4). When TART 
was used, most target particles interacted and bound to the magnetic beads, and were 
hence pulled towards the left channel wall. This is seen in the concentrated distribution 
of target particles near the left channel wall (Figure 5.4a). On the other hand, in the 
absence of TART, the target particles and magnetic beads remained in their separate 
laminar streams, as reflected by the fluorescence signal being limited within the 
sample stream (located on the right hand side of the channel, Figure 5.4b). The 
differences between observations with and without TART are also graphed in Figure 
5.4c, which are clearly significant, and indicate that the TART scheme is essential to 












































Figure 5.4. Comparison of incubation with and without using the TART scheme. (a) Florescent image 
of target particles with TART enabled. (b) Florescent image of target particles with TART disabled. (c) 
Percentage distributions of target particles across the channel width, in the dashed observation windows 
immediately preceding the last turn as shown in the fluorescent images.   
 
Having demonstrated the importance of the TART scheme, we then quantitatively 
examined the incubator behavior with TART in terms of particle capture at the Y-
junction of incubator inlets and at the incubator exit, and compared the differential 
effects of the magnetic force on the target and non-target particles. Fluorescent images 
of target (green) and non-target (red) particles at the Y-junction of the incubator are 
shown in Figure 5.5 (panels a and b, respectively). The particle sample and magnetic 





and lower halves of the Y-junction), with negligible mixing. Figure 5.5c quantitatively 
depicts the distributions of target and non-target particles at the Y-junction. It can be 
seen that the target and non-target particles were both highly concentrated in Lanes 
15, containing over 95% of the target and the non-target particles, while in Lanes 6-
10 the presence of target and non-target particles was negligible. This indicates that at 








































Figure 5.5. Distribution of target and non-target particles across the channel width at the Y-junction. 
Fluorescent micrographs of (a) target particles and (b) non-target particles at the Y-junction. (c) 
Percentage distributions of target and non-target particles across the channel width at the Y-junction.   
 
Next, we investigated the particle distributions at the end of the incubator. The 





given in Figure 5.6a and b. It can be seen that the target particles captured by the 
magnetic beads in the serpentine channel were mostly attracted to the left, where the 
permanent magnet is placed. On the other hand, the free non-target particles spread out 
and were distributed quite uniformly across the channel width, primarily due to flow 
agitation by magnetic beads in the serpentine incubation channel.  
The quantitative particle distributions across the channel width at the end of the 
incubator are extracted and plotted in Figure 5.6c. The majority of target particles 
(95.9%) appeared on the left half of the channel, whereas the non-target particles were 
evenly distributed across the channel width. The highest concentration of target 
particles did not occur in Lane 1, which may be attributed to the slight magnetization 
of target-bound magnetic beads and their aggregation on the left channel wall. Upon 
magnetization, the target-bound magnetic beads tended to aggregate into an oval-
shaped cloud with tens of microns in sizes that is a few times larger than the lane width 
(20 μm). Therefore, when the oval cloud was attracted to the left side of the channel, 
Lane 1 could only probe the edge of the oval containing a small number of target 
particles, whereas the center of the oval fell in Lane 2 and included more target 
particles. The aggregation of magnetic beads also accounted for the local discontinuity 












































Figure 5.6. Distributions of target and non-target particles across channel width at the end of the TART 
incubator. A permanent magnet was placed to the left of the incubator channel. (a) and (b) Fluorescent 
micrographs of target and non-target particles, respectively, at the end of the incubator. (c) Percentage 
distributions of target and non-target particles across the channel width at the end of the incubator.  
 
5.4.2 Separator Characterization 
Next, we characterized the separator in terms of its capacity to deflect and extract 
magnetic beads. For the purposes of this study, we fabricated a chip that exclusively 
contained the separator. The permanent magnet was again placed to the left of the chip. 
A suspension of bare magnetic beads was introduced into separator entrance at a flow 
rate of 1 µL/min, while DI water was introduced into the buffer inlet at 4 µL/min. As 





entrance, the beads were highly concentrated to the right side of the separator due to 
laminar flow behavior. At the exit, however, they were attracted towards the magnet 
and accumulate at the left-hand side (Figure 5.7b).  
We compared bead distributions across the channel width at the separator exit in 
the cases with or without the permanent magnet. An observation region at the separator 
exit was selected, where the channel width was again divided into 10 lanes and the 
percentage of beads falling into each lane was obtained to quantify the bead 
distributions. As the target and waste collection channels (Figure 5.1) have similar 
hydrodynamic resistances, beads (and particles) located in the left five lanes would exit 
via the target exit, while those in the right five lanes would exit from the waste exit. As 
shown in Figure 5.7c, the magnetic force caused the beads to concentrate to the left, 
with 90.3% located in Lane 1, and 96.2% falling within Lanes 1-5. On the other hand, 
without the magnetic field, the majority of beads remained in the right lanes, with 
96.7% of them in Lanes 6-10 and exiting from the right-side waste exit (Figure 5.7c). 
These results substantiate that the deflection and separation of the magnetic beads from 








































Figure 5.7. Characterization of particle separation within the separator using bare magnetic beads. (a) 
Image taken at the separator inlet. Magnetic beads entered the separator from the right. (b) Image taken 
at the separator exit. (c) Percentage distributions of magnetic beads at the separator exit.   
 
5.4.3 Integrated Device Characterization 
Having characterized the TART incubator and magnetic-fractionation separator 
individually, we then investigated a complete microfluidic device with both the 
incubator and the separator integrated on a single chip. With the same experimental 
setup, we injected a suspension of premixed target and non-target particles into the 
device’s incubator via the sample inlet, and a suspension of magnetic beads via the 





prepared at two ratios of target to non-target particle concentrations (1:1 and 1:10). DI 
water was infused via the buffer inlet into the separator at a flow rate of 4 µL/min. We 
examined particle distributions at the end of the separator to examine the ability of the 
integrated device to capture and isolate target particles.  
Figure 5.8a and b presents fluorescence images of target and non-target particles, 
from a sample of 1:1 target to non-target ratio, taken within the separator observation 
region (Figure 5.1) immediately upstream the separator exits. It can be seen that the 
target and non-target particles were clearly separated at the left and right sides of the 
channel with negligible overlap. Distributions of the particles are extracted from the 
experimental data and plotted in Figure 5.8c. We can observe that the majority of the 
target particles (bound with magnetic beads) were attracted to the left side of the 
channel, with 87.0% of them contained in Lane 1, while the non-target particles 
remained in Lanes 9 and 10. Overall, 92.7% of target particles were retrieved at the 
target outlet (corresponding to Lanes 1-5), while 99.9% of the non-target particles were 















































Figure 5.8. Distributions of target and non-target particle across the channel width at the exit of the 
separator with a 1:1 ratio of target to non-target particle concentrations, with channel boundaries marked 
with yellow lines. (a) Fluorescent image of target particles, and (b) Fluorescent image of non-target 
particles. (c) Distributions of the target and non-target particles across the channel width.  
 
The crucial role of the TART scheme in target capture was also investigated with 
this integrated device (further supporting observations made in Section 5.4.1). To this 
end, we examined the distributions of target particles at the end of the separator 
following incubation with and without TART. When TART was enabled, target 
particles were successfully captured by magnetic beads and then deflected by magnetic 
force to the left of the separator as shown in Figure 5.8a, which is duplicated in Figure 





particles largely remained free from magnetic beads and stayed on the right side of the 
separator. The dashed line (in white) superimposed on the images indicates the 
interface between the streams entering the separator from the buffer inlet and incubator 
exit (Figure 5.1). Note that the latter stream further consisted of two streams 
introduced into the incubator from the sample and bead inlets, respectively (Figure 5.1). 
These two streams had become well mixed in the incubator due to agitation by TART-
enabled magnetic bead migration (Figure 5.9a), but remained well separated by a 
clearly visible interface when TART was disabled (Figure 5.9b). The fluorescent 
images can be also used to obtain particle percentage distributions across the separator 
channel width (Figure 5.9c): 87% of target particles were located in Lane 1 with TART 
enabled, whereas 71% of target particles remained in Lanes 9 and 10 with TART 
disabled. These results demonstrate that the capture and separation of target particles 


























































Figure 5.9. Comparison of separation with and without using the TART scheme. (a) Florescent image of 
target particles with TART enabled. (b) Florescent image of target particles with TART disabled. (c) 
Percentage distributions of target particles across the channel width at the end of the separator.   
 
Separation results with TART enabled obtained from another sample with a 1:10 
ratio of target to non-target particle concentrations were qualitatively the same (Figure 
5.10), except that lower fluorescent intensities were obtained due to the lower relative 
concentration of target particles in the sample with respect to non-target particles. 





99.3% of the target and non-target particles were respectively collected at their 










































Figure 5.10. Distributions of target and non-target particles across channel width at the exit of the 
separator with a 1:10 ratio of target to non-target particle concentrations, with channel boundaries 
marked with yellow lines. (a) Fluorescent image of target particles, and (b) Fluorescent image of non-
target particles. (c) Distribution of target and non-target particles in transverse lanes across the channel 
width.  
 
In general, the target capture and separation efficiency increases with the 
concentration of magnetic beads, and approaches 100% at sufficiently high bead 





respectively for the 1:1 and 1:10 target vs. non-target ratios) compares favorably with 
other magnetically controlled particle separation devices incorporating different (e.g., 
diffusion-based) on-chip incubation schemes (e.g., the device of Ref. [128], in which 
target particles retrieved at the outlet are still contaminated with a significant 
concentration of non-target particles). The capture and separation efficiency would be 
further improved with a higher magnetic bead concentration, which is however 




A novel integrated microdevice for specific capture and separation of target 
microparticles using magnetic manipulation in continuous flow has been presented. 
The device utilizes surface-functionalized magnetic beads as a vehicle of magnetic 
manipulation, which allows specific capture of target particles by ligand-receptor 
binding, and separation of target from non-target particles. Comprised of an incubator 
and a separator connected in series, the device exploits the synergetic effects of 
laminar hydrodynamic flow and magnetic force to achieve target particle capture and 
fractionation. In contrast to existing particle separation devices, this approach offers 
simplicity in device fabrication and operation, and can potentially allow cell assays to 
be rapidly performed with high specificity and selectivity.  
With judiciously selected geometrical parameters, the device was fabricated using 
soft lithography techniques. Experiments were conducted to characterize the incubator 





results have demonstrated that the device is capable of specifically capturing, isolating 
and extracting target particles in a highly efficient, continuous manner. Several key 
insights can be gained through the presented research effort, including: 
First, the incubation module is based on the scheme of target acquisition by 
repetitive traversal (TART) of surface-functionalized magnetic beads. By a judicious 
combination of a serpentine microchannel geometry and a time-invariant magnetic 
field, magnetic beads seek out and capture target particles by repetitively traversing the 
sample. Using a simple corner-free serpentine-channel design and without requiring 
bulk fluid mixing, the incubator is free of dead volume, and minimizes undesired 
particle or magnetic-bead retention. Experimental results showed that at the end of the 
incubation channel, the majority of target particles (95.9%) were captured by magnetic 
beads.   
Second, the separation module capitalizes on the magnetic fractionation. Under the 
same magnetic field, magnetic beads were deflected laterally into a pure buffer stream 
and exited from the target exit. Experimental results have demonstrated that 90.3% of 
the magnetic beads were concentrated within the leftmost lane (Lane 1) in the 
separator channel. In addition, 96.2% of all magnetic beads were located within the left 
half of the channel  and extracted from the target outlet. 
Finally, the integrated device incorporating both the incubator and separator has 
been tested using samples with two different ratios of target to non-target particle 
concentrations (1:1 and 1:10). In both cases, more than 90% of target particles in the 
sample were captured, isolated and extracted at the target outlet of the device. 





device’s waste outlet, confirming that the extraction obtained at the target outlet was 
practically free of non-target particles. 
These results demonstrate that the device is capable of capturing and isolating 
target particles from impure samples in an automated manner, with excellent 
separation efficiency and reliability. Thus, the device can potentially be useful for 
purification and analysis of biological micro/nanoparticles, such as bacteria and cells, 





Chapter 6. Conclusions and Future Work 
 
6.1 Conclusions 
Microfluidics has been an increasingly important tool for cell manipulation and 
interrogation, which is a frequently performed task during drug discovery processes. 
As crucial steps in drug discovery, lead identification and optimization aim at 
obtaining pharmacologically relevant drug-like compounds through various tests of the 
compounds with living cells, and thus involve intensive manipulation and interrogation 
of cells. However, many existing microfluidic tools addressing issues in cell 
manipulation and interrogation suffer different limitations, such as lack of efficient 
design methodology, introduction of undesirable stimulation on cells, or failure to 
integrate necessary preparatory procedures on-chip. 
This research has focused on the design, fabrication and testing of microfluidic 
systems that perform important functionalities for cell manipulation and interrogation 
while addressing the abovementioned limitations. Specifically, microfluidic devices 
have been created for concentration gradient generation (CGG) and magnetic activated 
cell sorting (MACS), respectively. Important results from this research have been 
summarized as follows. 
A partial mixing-based CGG method was proposed in Chapter 2 to construct 
concentration gradients with complex shapes. Instead of complete mixing, which 
required massive channel networks, partial mixing used relatively simple channel 





across multiple laminar streams and fluid convection along the channel. A given 
concentration gradient profile with complex shape was modularly generated by joining 
basic linear and bell-shaped concentration profiles, which were realized by Y- and ψ-
shaped mixers, respectively. The optimal combination of concentration and flow rate 
of each input stream and channel geometry was efficiently determined by an analytical 
diffusion-convection model and an iterative simulation scheme. Through this approach, 
representative concentration gradients with complex shapes, such as saw-toothed and 
double bell-shaped profiles, were realized with errors less than 10%.  
To eliminate the fluid stimulation on cells as experienced in laminar flow-based 
gradient generators while maintain a temporally stable concentration gradient, a novel 
class of CGG devices were designed, fabricated and tested in Chapter 3. The devices 
featured a two layer design with the sample and buffer supply channels in the top layer, 
and the gradient forming chamber in the bottom layer. The two layers were sealed with 
a semipermeable membrane sandwiched in between. On one hand, the semipermeable 
membrane allowed sample molecules to diffuse across the two layers while sample and 
buffer were continuously replenished in their respective channel, and hence a steady-
state concentration gradient was generated and maintained in the gradient forming 
chamber; on the other hand, the small pores of the semipermeable membrane created a 
large cross-membrane flow resistance, eliminating flow in the gradient forming 
chamber where cells were to be placed. By changing the geometry of the gradient 
forming chamber as well as that of the sample and buffer channels, concentration 
gradients with various shapes, e.g., linear, parabola-like, saw-toothed, and bell-shaped 





In Chapter 4, we extended the capability of the flow-free CGG devices presented in 
Chapter 3 to generate gradients with virtually arbitrary shapes by incorporating a 
gradient forming channel network. We continued to adopt the two layer device 
configuration with a semipermeable membrane sandwiched in between. However, we 
designed a gradient forming channel network in the place of the gradient forming 
chamber in the bottom layer. The gradient forming channel network consisted of a 
gradient generation channel intersected by a series of parallel lateral channels, which 
connected sample and buffer channels through the semipermeable membrane. By 
offsetting each lateral channel, concentration gradients with arbitrary shapes were 
achieved along the gradient generation channel. To determine the offset distance of 
each lateral channel, a diffusive resistor network model was proposed. We first used 
parabolic gradients to characterize the devices, observing increased accuracy of the 
generated gradient with reduced lateral channel spacing. We then generated gradients 
whose shapes were determined by sinusoidal and poly-line functions, respectively, 
resulting gradients with less than 8% error apart from the specification. This type of 
CGG devices substantially increased the versatility of gradient generation, allowing 
generation of gradients with much more flexible user specifications.  
Following treatment of cells in compounds with different concentrations, cells may 
or may not undergo modifications in their membrane receptor activities. MACS is a 
highly specific high-throughput cell sorting method that can efficiently identify and 
isolate cells which have desired changes in their receptor activities. In Chapter 5, we 
designed, fabricated and tested a magnetically controlled cell capture and isolation 





integrated chip. For simplicity, we used microparticles as model cells. Prior to 
separation, magnetic incubation allowed particles to fully interact with surface-
functionalized magnetic beads and only target particles would bind to magnetic beads. 
As magnetic incubation prior to separation was crucial to final separation efficiency, 
we introduced a target acquisition by repetitive traversal (TART) mechanism to 
enhance mixing and capturing of the target. Through the synergy of the magnetic field 
and the laminar flow in a serpentine channel, the magnetic beads laterally traversed the 
channel width following the passing through each turn, and thus actively explored the 
entire channel width for target capture. Subsequently, the target-bound magnetic beads 
were diverged from the non-target by magnetic field in the separator, with a target 
separation efficiency of over 90% for both 1:1 and 1:10 target-to-non-target population 
ratios. 
 
6.2 Future Work 
By far, we have successfully tested the rapid design of partial mixing-based 
laminar-flow CGG devices, and the novel design of both types of flow-free CGG 
devices. We have also tested the functionalities of the integrated MACS device with 
microparticles as model cells. In the following, we suggest future work to be done in 
three directions regarding both CGG and MACS devices: experimentation with actual 
cells, device parallelization, and device integration.  
Cell Stimulation and Chemotaxis with CGG Devices. In Chapters 2 through 4, 
we have demonstrated the designs and functionalities of three types of CGG devices. 





actual cells that bear biological significance, e.g., cancer cells. It is especially 
interesting to see, with the two types of flow-free CGG devices, how the elimination of 
fluid flow reduces non-chemically-related response of the cells and preserves cell-
secreted factors essential for cell signaling, as compared with the partial mixing-based 
laminar-flow CGG devices. Also, with the flow-free CGG devices, study of cells that 
do not attach to surfaces, such as blood cells and yeast cells, becomes possible. 
Particularly, with the type of flow-free CGG devices capable of generating arbitrary 
concentration gradients, more gradient profiles can be flexibly constructed for cell 
experimentation, so cell response to additional gradient profiles can be observed. 
However, in order for the current CGG devices to be ready for cell experimentation, 
cell loading ports need to be designed such that they must be easy for cell loading, and 
do not disturb the gradient shapes defined by the channel geometry or increase much 
dead volume. 
Parallelization of CGG Devices. During lead identification and optimization, a 
large number of compounds need to be tested with the cells, which calls for high 
throughput in the experimentations with cells. Therefore, the ability to allow different 
batches of cells to undergo tests with different compounds simultaneously becomes 
appealing. As our CGG devices—especially the flow-free CGG devices—are very 
compact and the channels take very little real estate on the chip, they can be multiplied 
and arranged in parallel, with each CGG unit in charge of test of one compound with 
cells.  
Rare Cell Capture and Isolation with Integrated MACS Device. In Chapter 5, we 





magnetic incubation and separation of microparticles. For future work, we shall use 
real cell samples with multiple cell species to test our device. For example, we may 
attempt to extract rare cancer cells from the whole blood with magnetic beads 
functionalized with appropriate antibodies or aptamers. As microparticles are relatively 
hard while cells are deformable, and cells may also have a larger distribution range in 
size compared with artificial microparticles, both the incubation and separation 
modules of our system need to be optimized to better satisfy the application with real 
cell samples. Another issue that needs addressing is the sedimentation of magnetic 
beads in the input reservoir due to their relatively large density. One possible solution 
is to replace water with a biocompatible solution with higher density as the buffer 
solution. 
Integration of Cell Stimulation and Cell Sorting. Currently, cell treatment in 
CGG device and cell isolation in MACS device are two separated operations. It is 
plausible to couple cell treatment to isolation and even subsequent detection on a 
single device for a standard operation. A subpopulation of cells may first experience 
changes in certain membrane receptor activities and hence their protein-binding 
property, next the cells are magnetically incubated and separated to identify the 
subpopulation with this particular change which may be either desired or undesired. In 
order to integrate multiple cell manipulation functionalities on a single chip, it may be 
necessary to include more sophisticated microfluidic elements, such as micro-pumps 
and valves. 
In addition to drug discovery, microfluidic technology has extended its power into 





ranging from fundamental research such as cancer cell motility and adhesion, stem cell 
differentiation, or tissue regeneration, to clinical diagnostics such as blood examination. 
However, a large part of the current microfluidic systems have not exceeded much 
beyond the proof-of-concept stage. Much effort needs to be made for microfluidic 
tools to become a wide-spread standard. Examples of issues that need to be considered 
include biocompatibility, reliability, throughput, interface to the macro world, 
fabrication cost. Most importantly, there must emerge several key applications for 
which microfluidic experts work closely and consistently with biologists, medical 
doctors as well as material experts to address all issues raised during the entire course 
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